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I. INTRODUCTION 
A metal subjected to neutron bombardment undergoes changes in its 
physical and mechanical properties. In recent years there has been con­
siderable interest in trying to interpret the changes upon neutron 
irradiation in terms of the defect structure produced. Until a few years 
ago most of the research on radiation damage in metals was centered on the 
face-centered cubic (f.c.c.) metals. In recent years, however, increasing 
attention has been devoted to radiation effects in body-centered cubic 
(b.c.c.) metals and alloys. In particular, refractory metals have been 
investigated because of high temperature applications. Among these, 
niobium and vanadium are of special interest because of their low neutron 
cross sections. 
In the b.c.c. refractory metals the interstitial impurity content is 
of major importance since marked changes in physical and mechanical 
properties occur with interstitial impurities (e.g., 0,C,N). Therefore, it 
is of interest to know how neutron bombardment will alter the properties 
of b.c.c. refractory metals with various impurity contents. The inter­
stitial impurity chosen in this study is oxygen. The effects of neutron 
irradiation in vanadium doped with oxygen are important from both funda­
mental and applied points of view. 
A. Fundamental Aspects 
1. Origin of radiation-anneal hardening (RAH) and Stage III annealing 
Radiation-anneal hardening (RAH) in b.c.c. metals is defined as the 
2 
increase in yield stress upon post-irradiation annealing. Stage III 
annealing in b.c.c. metals is the annealing stage observed in the 
vicinity of 0.2 where is the melting temperature in degrees Kelvin. 
Since Stage III and RAH occur over the same temperature range, the two 
phenomena are assumed to stem from the same atomic rearrangements. 
The earlier observations of RAH were interpreted in terms of in­
trinsic defects produced by radiation. Since then, other authors have 
observed similar effects in b.c.c. metals. There is still a controversy 
over the mechanism of RAH and Stage III in b.c.c. metals. Some investiga­
tors, however, believe that RAH and Stage III are caused by extrinsic 
defects (interstitial impurities) being trapped by radiation-produced 
defects and defect clusters and not due to migration of intrinsic defects 
such as vacancies or self-interstitials produced by irradiation. 
There is some evidence In the work performed in this laboratory to 
suggest that the extrinsic mechanism is more probable, based on internal 
friction and electrical resistivity measurements on vanadium doped with 
oxygen. The present study is an attempt to give better insight into the 
mechanism of RAH and systematically delineate the role of interstitial 
impurities. 
2. Radiation-produced defect clusters 
a. Nucleation and density and size distribution The bombardment 
of metals with neutrons creates vacancies and interstitial s which cluster 
together to form defect clusters and dislocation loops resolvable in an 
electron microscope. The nucleation of defect clusters is an important 
factor. It is of fundamental Interest to know whether defect clusters 
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nucleate homogeneously or heterogeneously and the influence of inter­
stitial impurities on the nucleation of defect clusters. 
The density and size distribution of defect clusters govern the yield 
stress and the ductility of materials, a matter of importance from the basic 
as well as design points of view. Interstitial impurity atoms may have a 
considerable effect on the size and density of defect clusters. This study 
is intended to achieve a better understanding of the influence of inter­
stitial impurities and post-irradiation annealing on the density and size 
distribution of defect clusters and to relate them to mechanical properties. 
3. Strain aging phenomenon 
Body-centered cubic metals containing interstitial impurities exhibit 
an increase in yield and flow stresses in a pre-deformed material upon 
aging at suitable temperatures. The influence of interstitial impurity 
content and neutron irradiation on the strain aging tendency is being 
studied for vanadium as a function of oxygen concentration. 
B. Applied Aspects 
Although vanadium as the base metal for cladding material for liquid-
metal fast-breeder reactors (LMFBR's) looks unfavorable at the present time 
because of its affinity for oxygen dissolved in liquid sodium coolant, it is 
a prime candidate for the controlled thermonuclear (CTR) first wall material 
because of its favorable neutronics. The properties that make it attractive 
for this application are: (a) moderately high melting point, (b) low fast 
neutron reaction cross section, (c) short haTT life of ISGtopss prcd'jcsd 
upon irradiation, hence low induced radioactivity, (d) low shutdown decay 
4 
power, and (e) favorable radioactive waste management. 
Other considerations for the choice of vanadium in this investigation 
are: (a) it is available in relatively high purity and (b) the major 
CO 
radioactive isotope of vanadium (V ) has a relatively short halflife 
(3.76 minutes) and therefore does not pose any serious problems in handling 
of irradiated samples. 
In its application for LMFBR's or CTR's, vanadium will be subjected 
to neutron irradiation and its mechanical integrity and dimensional 
stability are of importance from the point of view of design and safety. 
These considerations contribute to the motivation for this study. 
In this dissertation six closely related aspects of neutron radiation 
damage of polycrystalline and single crystal vanadium and the subsequent 
behavior of irradiated samples upon deformation will be reported. They 
are 
1. Radiation-anneal hardening in polycrystalline tensile 
samples doped with three levels of oxygen using tensile 
tests. 
2. Radiation-anneal hardening in single crystal vanadium 
doped with o)^gen using microhardness measurements. 
3. Transmission electron microscopy (TEM) of as-irradiated 
and post-irradiated-annealed single crystal vanadium-
oxygen. 
4. Strain aging behavior of irradiated and unirradiated 
vanadium oxygen-samples. 
5. Dislocation channels produced upon deformation of as-
irradiated and post-irradiation-annealed samples. 
6. Microstructure of material deformed at room temperature 
and at liquid nitrogen temperature prior to irradiation, 
as rsvcalsd by transmission electron microscopy. 
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II. LITERATURE REVIEW 
There has been an increasing interest in recent years in radiation 
damage in metals in general and b.c.c. metals in particular, and conse­
quently there is a large accumulation of literature in this field. This 
survey is an attempt only to set background for the present study. The 
literature review will be divided into the following sections: (a) 
Mechanisms of radiation damage, (b) Radiation hardening mechanisms, (c) 
Experimental observations of radiation hardening, (d) Radiation-anneal 
hardening (RAH) and Stage III annealing, (e) Direct observation of defect 
clusters, (f) Dislocation channeling and (g) Strain aging. 
A. Mechanisms of Radiation Damage 
Numerous authors (1-12) have contributed to the present understanding 
of mechanisms of radiation damage. In this section only a brief quali­
tative treatment of some of the important aspects of radiation damage 
theory will be presented. An energetic particle, say a fast neutron with 
energy greater than 1 MeV (E>1 MeV) moving through matter, loses energy by 
(a) elastic collisions with lattice atoms and (b) excitation and ionization 
of atoms through charge interaction. The first is capable of displacing 
atoms from their normal positions resulting in vacancies, interstitials 
and replacements. The second is of little importance in metals, appearing 
only as heat. The atom struck by the neutron (primary knock-on) may re­
ceive sufficient energy not only to displace it from its lattice site but 
also to cause additional displacements when it strikes other atoms (secon­
dary displacements). Usually, therefore, each primary collision initiates 
a cascade of collisions resulting in vacancies in excess of thermo­
dynamic equilibrium. The displaced atoms often stop at interstitial 
sites or nonequilibrium positions, provided they do not recombine with 
a neighboring vacancy. A vacancy and Its previously associated atom, 
now located interstitially elsewhere in the lattice, is called a displace­
ment pair. If the energy transferred in a collision is less than the dis­
placement energy or when the energetic particle makes a glancing collision 
with the atoms, the stationary atom experiences an increased amplitude 
of vibration. These excited atoms transfer energy to neighboring atoms 
in the order of a vibrational period (10"^^ to 10'^^ sec), resulting 
in more or less violent agitation briefly affecting all atoms in the 
vicinity. This is known as a "thermal spike" (1). As decay through 
dissipation of energy (heat) returns the region to equilibrium, the thermal 
spike will cause no permanent damage in metals. However, the metal within 
the spike is held at a higher pressure (1,3) by the surrounding lattice, 
resulting in plastic deformation at the center of the spike sufficient to 
generate dislocation loops with radii of 40 R to 50 R. These loops within 
the spikes will be retained as the thermal spike cools only if the cooling 
pattern does not reverse the loop growth process or the loop becomes en­
tangled during the formation of the spike. 
Another spike effect proposed in the form of a displacement spike by 
Brinkman (6) is produced at the end of the trajectory of a fast moving 
atom when the mean free path between displacement collisions becomes 
approximately equal to an atomic spacing. When the energy of the primary 
knock-on becomes less than a transition value (50-23,000 eV depending on 
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atomic number) the particle Is very rapidly brought to rest amid an In­
tense shower of secondary displacements which are not Independent of each 
other. The atoms are violently raised to the molten state with turbulent 
flow and complete rearrangement, rapid quenching and resolldlflcation occur 
over a very short time. The resolidified region;is substantially in 
registry with the surrounding lattice since the parent lattice acts as 
nucleus for crystallization. It has been suggested that vacancies and 
Interstitials more or less completely anneal in this region (6) with 
damage showing as small dislocation loops. 
Silsbee (13) first called attention to the importance of focusing 
effects in radiation damage because of the crystal Unity of metals. Seeger 
(10) and Seeger and Essmann (11) pointed out that the focusing effect dis­
cussed by Silsbee might lead to generation and propagation of dynamic 
crowdions. Dynamic crowdlons differ from focusons proposed by Silsbee (13) 
in that they transport not only energy (and momentum) but also matter. 
Seeger proposed that the primary and secondary knock-ons collide with 
almost any atom towards the end of their paths, transferring small multiples 
of displacement energies which are sufficient to produce a large fraction 
of the displacements in the form of dynamic crowdlons (shown In Figure 1). 
This results in a local high density of vacant sites, surrounded by a few 
nearby interstitials and a substantial number of distant interstitials 
separated from vacancies by the crowdion mechanism. A similar mechanism 
proposed by Seeger and Essmann (11) is called the replacement chain, which 
involves a sequence of replacement collisions in which a moving atom strikes 
and displaces a lattice atom but is trapped Itself in the lattice site, thus 
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Figure 1. Schematic representation of formation of dynamic crowdions (after 
Seeger (10)) 
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replacing the struck atom at the site. The struck atom undergoes the 
same process with a third atom and so on, resulting in a chain of re­
placements with an interstitial coming to rest at the end of the chain. 
Crowdions and replacement chains leave behind vacancy-rich regions in 
the displacement spikes while the interstitials come to rest at far dis­
tances from the vacancy-rich or depleted zones. 
Another mechanism of importance in which energy may be lost in 
subthreshold interaction due to the regular arrangement of atoms in 
metals is called channeling. In channeling, the moving atom is deflected 
into open channels between the atom rows, where it undergoes glancing 
collisions with atoms along the walls of the channel (14). One evidence 
of channeling is the anomalously high penetration of ions bombarded on 
single crystals as compared to that for amorphous forms of the same 
material (15). Oen and Robinson (16) have treated the channeling 
phenomenon in detail. Noggle and Oen (17) bombarded single crystal gold 
films with 51 MeV iodine ions. They observed 14 times less damage when 
' I 
the ion beam was directed along channeling directions than when the beam 
was unaligned. However, the ion beam must be aligned to within one or 
two degrees and thus iij: seems unlikely that many recoiling atoms will 
emerge from a lattice site in a direction appropriate for channeling. 
Besides, the neighboring atoms would tend to block the struck atoms from 
the channels. 
For a schematic diagram of radiation damage, see Figure 2. 
Neutron path 
Primary knock-on path 
Secondary knock-on path 




^ Thermal Spike 
Displacement Spike 
^ Depleted Zone and 
Crowdion 
Figure 2. Schematic representation of radiation damage in metals (after Smith (12)) 
n 
B. Radiation Hardening Mechanisms 
It has been well established that neutron Irradiation causes an in­
crease in resistance to plastic deformation as is evidenced by the increase 
In yield stress and indentation hardness. The basis for models of radia­
tion hardening is that irradiation introduces barriers in the form of de­
fect clusters, which impede the motion of dislocations. The barriers may 
be displacement spikes, depleted zones, dislocation loops or aggregates of 
vacancies or interstitial s. 
In the dispersed barrier model, the barriers are assumed to be 
randomly distributed on the slip plane of the dislocations. During plastic 
deformation, these barriers act as obstacles to the movement of dislocations. 
Various versions of the dispersed barrier model have been developed. 
Orowan (18) evaluated the shear stress t at which a dislocation will bow 
around strong barriers separated by a distance i, as illustrated in Figure 
3. It is given by 
(1) 
& 
Where G is the shear modulus and b Is the Burgers vector. Holmes (19) pre­
sented the expression for the critical shear stress (Figure 4) 
T = — (F. - F.) (2) 
b» ^ 
where F. is the critical force for breaking through the barriers at absolute 
zero, F^ is an additional force facilitating surmounting the barriers due 





( 2 )  ( 3 )  ( 4 )  ( 5 )  
Figure 3. Schematic of stages In passage of a dislocation between widely-
separated obstacles—Orowan's mechanism of hardening 
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plane. Fleischer (20) considered the barriers to be centers of tetra­
gonal distortion due to vacancy or interstitial disks. He obtained 
Gb T = (3) 
3.7i 
where 
<• = n,d,)-% (4) 
and n^ and d^ are the volume density and the diameter, respectively, of 
disks in the 1-th size Interval. 
Foreman and Makin (21) performed a computer analysis of dislocation 
motion through a random planar array of point obstacles. For weak barriers, 
the critical shear stress was in agreement with the expression derived by 
Friedel (22) 
%- (5) 
where n^ is thegaumber of barriers per unit area. For strong barriers, 
they found (21) 
T = 0.81 ^ . (6) 
I 
In another computer study. Foreman (23) determined the critical shear 
stress to be 
T «  A  ( I n  -Î- + B) (7) 
ZM rg 




AFTER PULLING AWAY FROM BARRIER 
Figure 4. Dislocation line In a field of barriers dispersed In a slip plane (after 
Holmes (19)) 
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(24) using a combination of statistical theory and graphical analysis for 
the case of infinitely strong barriers found the critical shear stress to 
be close to that given in Equa»;on (6). 
Westmacott (25) investigated the hardening in quenched aluminum due 
to dislocation loops and voids. For dislocation loops of diameter d and 
volume density n, the yield stress increase was given by 
(8) 
3 
which agrees with the expressions obtained by Friedel (22) and Kroupa and 
Hirsch (26) with g = 7.3 and 16, respectively. Westmacott et (27) 
pointed out that the nearest neighbor separation i for a random distribu­
tion of n particles per unit volume of diameter d should be 
I = 0.5 (nd)^ (9) 
but the factor of 0.5 was not confirmed in the computer analysis by 
Foreman (28). Other expressions for z based on various definitions are 
given by Kocks (29). 
Seeger (5) developed a theory of radiation hardening that incorporated 
the thermal activation of slip. His treatment leads to the expression for 
the critical shear stress 
n. h U„ 3/2 kl Nbv^ 2/3 3/2 
 ^ = m [-^ ] { 1 - [— ln(-^  )] } (10) 
Gb 4xob OUQ n^a 
where and are energy and distancé paramstars, respectively, in an 
assumed energy profile, k is Boltzmann's constant, T is absolute tempera­
ture, VQ is the frequency with which a dislocation attempts to overcome a 
barrier, è is the strain rate, and a is a constant missing in the original 
paper, as pointed out by Schwink and Grieshammer (30). N is the nunter of 
dislocations per unit volume pressing against the n^ barriers per unit 
area. As above, G is the shear modulus and b is the Burgers vector. In 
deriving Equation (10) the interbarrier distance was taken as 
in accord with Equation (5), following Friedel (22,31). Equation (10) 
predicts a square-root dependence of T on radiation dose « (assuming 
n^ = « and the predominant effect of n^^ is in the first factor). It also 
predicts a temperature dependence of the form 
where n = 2/3 and and are functions of the parameters in Equation (10). 
By comparison, Fleischer's theory (32) predicts n = 1/2 in Equation (11a). 
The critical shear stress is sometimes considered to consist of two parts, 
viz. 
where is independent of temperature and represents a long-range inter-
« 
scticn between slip DISLOCATIONS and barriers and T* (T) is the temperature 
dependent component which represents a short-range Interaction or the stress 
= 1 . (X )" 
T. T. 
(11a) 
T - T* (T) + TG (lib) 
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required to overcome the Peierls stress (33). Such a simple resolution 
of T into two components does not appear to be unambiguously predicted by 
Equation (10). 
The grain size dependence of the yield stress if often represented by 
the Fetch (34) relation 
where 2dg is the average grain diameter and and are constants. This 
expression is used below to correct for variations in grain size in 
comparing results of various investigators. 
An important question in radiation hardening is the way in which the 
barriers to dislocation motion in the unirradiated metal (U barriers) 
combine with those produced upon irradiation (I barriers). Tucker and 
Wechsler (35) have given a treatment of t^o possible cases: 
1. U and I barriers acting independently 
The net shear stress acting on a dislocation line at the I barrier 
upon yielding isx- xy, where Ty is the critical shear stress for the un­
irradiated material. An analysis similar to that giving Equation (2) 
yields 
where aj and ory are yield stresses for the irradiated and unirradiated 
material, respectively, and tj and Ty are corresponding shear stresses. 
The interbarrier distance between I barriers alone is ty, and the critical 
force required to surmount the I barriers is Fj = (F^, - F^)j in a manner 
(12)  
2Fi 
«1 - 0„ = HTJ - Ty) = szp (13) 
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analogous to Equation (2). If the diameter of the I barriers is dj and 
they are distributed randomly with a volume density nj, A j  may be written 
Kg 
(14) 
where I is a constant close to unity incorporating geometrical considera­
tions as discussed by Kocks (29). If the barriers are present in a 
distribution of sizes, then 
Kg 
= (15) 
where the subscript i denotes quantities pertaining to the i-th size 
interval. Then Equation (13) becomes 
2F, h 
Oj - CTM ( y n, dj ) . tl6) 
^ " bKg 1 i i 
2. U and I barriers acting jointly 
Now the interbarrier distance becomes 
Kp 
A = —, (17) 
• Hydy+njdj 
where ny and dy are the density and size of the U barriers, and F is an 
effective critical force. Then 
m f 
'I - "BC O T  =  — /  n , . d , | + n T d | .  .  ( 1 6 )  
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Since aj = when nj = 0 
^ ("id;) . (19) 
For a distribution of sizes, the expression analogous to Equation (16) is 
"l. • (20) 
It is instructive to note that Equations (16) and (20) are not of the 
same form except when ay«oj. For neutron-irradiated niobium, Tucker and 
Wechsler (35) found a somewhat better fit to Equation (20) based on TEM-
observable defect clusters. For both cases, the barriers strengths were 
determined to be in the range F = (0.5 - 0.8)Gb . This corresponds to 
strong barrier hardening, i.e. to F values close to the bowlng-around force 
indicated by Foreman and Makin (21) and Kocks (24) to be about O.BGb^ for 
a random distribution of barriers. 
The expression most often used to describe radiation hardening Is 
2K. , 
(Tj - = ^1  ^Gb(njdj) (21) 
2 
which is obtained from Equations (13) and (14) by setting Fj = K^Gb , where 
a=l for bowing around infinitely strong barriers. As before, if the 
barriers are present in a distribution of sizes, we have 
2Ki , 
- *U = Gb (^ ni.d;^) • (22) 
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C. Experimental Observations of Radiation Hardening 
In early experimental observations of radiation hardening, particular 
emphasis was placed on the dependence of yield stress on radiation dose. 
Blewitt et (36) observed that the yield stress of copper increased as 
16 on 2 
the cube root of the dose over the range 10 to 10 n/cm . However, 
Diehl (37) and Rukwied and Diehl (38) found a square-root dependence at 
low doses, followed by a lower hardening rate (saturation) at higher doses. 
Similar observations were reported for iron by Seidel (39), Diehl et al. 
(40), McRickard (41), and Mogford and Hull (42). 
In more recent work, investigators have attempted to correlate the 
yield stress with the density and size distribution of defect clusters, as 
well as with the radiation dose. For neutron-irradiated niobium. Tucker 
and Wechsler (35) and Loomis and Gerber (43) observed that the square-root 
17 2 dose dependence persists only up to about 7x10 n/cm , followed by a 
sharply decreased rate of hardening. From the analysis of defect clusters, 
both investigations indicated that the interbarrier spacing (defined for 
example, by Equation (15)) decreased rapidly as a function of dose at 
first, but at higher doses the decrease was less rapid. However, Loomis 
and Gerber (43) reported that, particularly for higher-oxygen samples, 
the hardening rate increased again for still higher doses (above about 
18 2 4x10 n/cm ), with an attendant further decrease in interbarrier spacing. 
They interpreted the radiation hardening of niobium to be due to defect 
clusters smaller than 70 R. 
In a review paper on radiation hardening in b.c.c. transition metals, 
Wronski et ari_. (44) concluded that source hardening (decreased operation of 
19 2 dislocation sources) operates up to 10 n/cm , but at higher doses, 
friction hardening (inhibition of dislocation motion) is superimposed on 
this. On the other hand, Evans et (45) concluded for niobium that 
friction hardening was the primary factor, which increased with increasing 
irradiation temperature. 
In vanadium, Shiraishi et al,. (46) and Bocek et al. (47) observed 
the radiation hardening to follow a square-root dose dependence at lower 
doses, above which saturation was observed. However, radiation hardening 
19 2 » did not show a tendency for saturation up to 4x10 n/cm (E > 1 MeV) in 
the work of Smolik and Chen (48). Smidt (49) applied Equation (21) to 
microhardness measurements on 0.002-1nch-th1ck foils, where dj was the 
average defect cluster diameter and nj the total density of all sizes. 
Good agreement was obtained with K^/Kg equal to 0.55. On the other hand, 
Shiraishi et (46,50) found the observed radiation hardening to be at 
least several times greater than could be accounted for by Equation (22) 
with K^/Kg = 1. 
The effect of irradiation on the temperature dependence of yielding 
has been studied in Cu (51-57), Fe (58-60), steel (61), Mo (62-64), 
Nb (58,65-68), and V (47,48,69-71). For vanadium, Arsenault (69) and 
Smolik and Chen (48) found roughly the same increase in yield stress upon 
irradiation for all test temperatures, as was also observed by Wechsler 
for niobium (68). In terms of Equation (lib), this means that all 
of the radiation hardening resides in and none in T*. On the other hand, 
Arâênâult and Pir.k (70) found an Increase; decrease, and no change in the 
temperature dependence of yield strç^ss depending on low ( < 90 wt ppm). 
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medium ( < 300 wt ppm), and high (880 wt ppm) oxygen concentrations, 
respectively. Wechsler et al. (71) also observed an increase in thermal 
stress (T*) upon neutron irradiation for low-oxygen (70 wt ppm) vanadium, 
particularly at low tenperatures. However, the results for higher oxygen 
alloys are more complicated. It has been suggested (72) that the in­
creased temperature dependence upon irradiation is more pronounced for 
higher purity materials, but additional work is needed to establish the 
point. A further complication, as shown in the work of Bocek et (47), 
is that T, and x* may both be affected by irradiation in a way that depends 
a 
on radiation dose. Bocek and Elen (73) studied the dose dependence of 
activation volume of neutron-irradiated vanadium and concluded that the 
changes in activation volume upon irradiation are dependent on oxygen con­
tent and irradiation temperature. The effect of interstitial impurities 
to increase radiation hardening was pointed out in a short communication 
by Hasson and Arsenault (74). 
The influence of Irradiation temperature on the hardening behavior of 
refractory b.c.c. metals and alloys was discussed by Moteff et (75) 
and results are given for some elevated temperature irradiations of Mo, 
Mo - 0.5% Ti, Nb, and Nb - 1% Fr. Also, Rau and Moteff (76) performed 
tensile and TEM tests on tungsten irradiated at bout 70*C. Using Equation 
(21), they determined ZK^/Kg to be 0.19. 
0. Radiation-Anneal Hardening and Stage III Annealing 
As has been pointed out in the last section, neutron irradiation causes 
an increase in yield stress of metals. Moreover in u.c.c. metals thsrc is 
a striking further increase upon post-irradiation annealing which is 
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designated as radiation-anneal hardening (RAH). This hardening takes 
place upon post-irradiation annealing at lower temperatures before re­
covery towards the pre-irradiation value sets in upon higher temperature 
annealing. Makin and Minter (77) first observed this penomenon in 
niobium containing 1600 wt ppm oxygen and neutron irradiated to a dose 
of 1 X 10^0 (E>1 MeV). They found that post-irradiation anneals between 
100®C and 200*C caused the yield stress to increase and uniform elonga­
tion to decrease. The yield stress began to decrease at about 350*C 
and recovery to pre-irradiation strength was complete at about 600*0. 
Makin and Minter (77) attributed the radiation-anneal hardening at 100 -
200°C to the migration df vacancies produced during irradiation to dis­
locations on the basis of the activation energy (1.3 + 0.1 eV) obtained 
from the radiation-anneal hardening rates at different temperatures. 
Radiation-anneal hardening in niobium was also studied by Ohr et al. 
(78). They observed radiation-anneal hardening peaks at 150®C and 300®C, 
which they attributed to oxygen and carbon migration, respectively, to 
radiation-produced defect clusters, thereby strengthening them as barriers 
to slip dislocation motion. Ohr et al_. (78) pointed out that the activa­
tion energy of 1.3 + 0.1 eV reported ^=Maktn ami-Minter (77) agrees with 
the energy for oxygen diffusion of 1.17 eV (79). 
Radiation-anneal hardening has also been reported for Mo (64,80-82), 
W (76i82), Fe (66), and V (46,48-50,71,83-86). It is interesting, however, 
that experiments on other samples of these same metals, e.g., Fe (87), 
V (4S,4S), and V-T1 (86); have failed to reveal radiation-anneal hardening. 
If radiation-anneal hardening is attributable to the trapping of interstitial 
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impurities at radiation-produced defect clusters» as has been suggested 
(78,86,88), whether or not radiation-anneal hardening is observed will 
depend on the presence of sufficient interstitial impurities in solid 
solution in the as-irradiated materials. In a sense, then, radiation-
anneal hardening is an analogue of stain-anneal hardening or stain aging 
(88). Other possibilities suggested in the literature are that radiation-
anneal hardening may be due to agglomeration of defect clusters or inter­
stitial impurities (46) or tc condensation of vacancies onto dislocations 
(81). 
Resistivity and internal friction measurements in irradiated and cold-
worked metals have been used to provide an understanding of the origin of 
radiation-anneal hardening. The electrical resistivity in cold-worked and 
irradiated b.c.c. metals shows a pronounced annealing stage at about 0.2 
where is the melting temperature in ®K. This stage is designated 
as Stage III annealing by analogy with copper. The origin of Stage III in 
b.c.c. metals has been attributed to migration of intrinsic defects (self-
inters titial s , di-interstitial s, vacancies, divancies, etc.) (80,89-98) or 
to interstitial impurity migration (48,49,71,72,88,99-111). 
Peacock and Johnson (91) interpreted the Stage III recovery of 
electrical resistivity in neutron-irradiated molybdenum and niobium as due 
to vacancy migration to interstitial impurity atoms or to radiation-produced 
defect clusters. However, Nihoul (93) on the basis of his analysis of 
Peacock and Johnson's (91) data found that they obeyed second-order kinetics, 
suggesting that recovery was due to migration of self-interstitial s to 
vacancies. Stals and Nihoul (94) and Schultz (95) then interpreted Stage III 
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annealing in niobium as being due to self-interstitial migration. 
Perepezko et (96) Investigated Stage III resistivity recovery in cold-
worked and neutron-irradiated vanadium and found an activation energy of 
0.8 eV, which led them to conclude that recovery was caused by annihilation 
of some species of lattice defects (intrinsic defects) rather than to the 
redistribution of interstitial impurities. 
Rosenfield (107) first pointed out that since the activation energies 
determined by various authors for Stage III in b.c.c. metals are quite 
similar to energies for interstitial impurity migration, the recovery was 
controlled by the impurities, and it was indeed shown by Kothe and Schlat 
(102), Dinter (103), and Cuddy (104) that In cold-worked materials con­
taining very low impurity content. Stage III is absent. Further support 
for attributing the Stage III annealing and radiation-anneal hardening to 
extrinsic factors (interstitial impurities) is gained by various studies 
on electrical resistivity and Internal friction of niobium by Williams 
et (99) who indicated that oxygen is the mobile agent responsible for 
the post-irradiation annealing stage on the basis of (a) annealing stage 
at 100-200®C in niobium does not occur unless oxygen is present, (b) de­
crease in resistivity is accompanied by a decrease in Snoek internal 
friction peak specifically due to oxygen, (c) resistivity decreases below 
pre-irradiation value, (d) the activation energy for the annealing stage 
1s 1.2 eV (99) is in good agreement with that of oxygen jumping in niobium 
(79). 
Stanley et al. (110) studied the effects of interstitial impurities 
(oxygen) on annealing of neutron-irradiated vanadium and found (a) magnitude 
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of resistivity annealing stage was larger for vanadium with higher oxygen 
and carbon content, (b) an activation energy of 1.2 + 0.1 eV which cor­
responds to oxygen migration in vanadium (79), (c) Snoek peak due to oxy­
gen and carbon decreased upon post-irradiation annealing at about 180°C. 
More or less similar conclusions were drawn by Mcllwain et (83) on 
neutron-irradiated vanadium. 
There is, however, a continuing debate in the technical literature 
(97,98,111) as to whether radiation-anneal hardening and Stage III anneal­
ing are due to intrinsic radiation-produced defects or to impurities. One 
of the goals of the present study is to help resolve the question by 
studying these phenomena in vanadium as a function of oxygen impurity con­
centrations. It is seen below that our results tend to support the view 
that impurities are an important factor in radiation-anneal hardening and 
Stage III annealing. 
E. Defect Clusters - Direct Observation 
When a metal is bombarded with neutrons, vacancies and interstitials 
are created in the displacement cascade regions. This defect structure is 
more complex than in quenched metals where only vacancies are retained. 
The agglomeration of defect clusters into sizes resolvable by transmission 
electron microscopy (TEM) is influenced by various factors. The homologous 
irradiation temperature clearly influences the mobility of the defects 
produced during irradiation and hence their agglomeration. The reactor 
ambient temperature may be widely different for different metals on a 
homologous temperature scale. The defect concentration produced upon 
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irradiation and the neutron energies also affect the agglomeration. The 
neutron spectra may vary from reactor to reactor, which may cause changes 
in agglomeration. In fact, the conflicting observations of the nature of 
defect clusters in copper may have been explained partly on this basis. 
The purity of the metal is also an important factor. Impurity atoms may 
act as heterogeneous nucleation sites, reduce the loss of energy in sub­
threshold manner by causing dechanneling and defocusing and cause trapping 
of defects. 
Apart from irradiation temperature, neutron energies and spectra, and 
impurity of the metal, post-irradiation annealing influences the defect 
cluster agglomeration by providing mobility to the defects and enhancing 
the agglomeration. In some cases, post-irradiation annealing is necessary 
in order that the clusters may grow and be resolvable by TEM. Even in 
cases where defect clusters are visible by TEM in the as-irradiated con­
dition, it may be necessary to perform post-irradiation annealing in order 
for them to agglomerate to sizes which can be analyzed for their nature 
(interstitial or vacancy), although they may have been changed in the 
process of annealing. 
Transmission electron microscopy (TEM) has been extensively used for 
the direct observation of defect clusters in irradiated metals. Since the 
first study in 1959 by Silcox and Hirsch (112), there has been considerable 
interest in the subject. Consequently there is an enormous amount of 
literature available on the subject. However, due to limited scope of this 
thesis, the review will be limited to direct clusters in b.c.c. metals 
with brief mention of some early studies on copper and aluminum. For defects 
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in quenched metals and general aspects of theory and review the reader 
is referred to references (113-134). 
Silcox and Hirsch (112) first reported observation of black spots or 
dislocation loops in copper irradiated to doses in the range of 6.7 x 10^^ 
to 1.4 X 10^® n/cmf (E>1 MeV) at temperatures of 35®C and 60-100*C, 
respectively. The loops were believed to be due to vacancies clustering 
in the displacement spikes and subsequent collapsing into discs. Radiation 
hardening was attributed to dislocations cutting the forest of loops. This 
was the first reported observation of radiation damage in metals by TEM. 
Subsequently black dots have been reported in various irradiated and 
quenched metals. 
In a detailed study on neutron irradiated copper, Makin et (135, 
136) found that irradiation leads to two kinds of defects; resolvable 
loops and small defect clusters (< 25Â) observed as black dots. The size 
distribution function (number of defects per unit volume in a size interval 
i.e., number cm'^ 8"^) was found to decrease monotonically with increasing 
size of clusters. With increasing dose the concentration of loops of 
given size decreased and the size of largest loops increased, suggesting 
that loops grow in size by absorption of point defects and do not nucleate 
at their final size. The concentration of loops of a given size increased 
with increasing dose at a rate smaller than linear. In copper containing 
0.1% silver the loop density was found to be roughly four times larger for 
the same dose than in pure copper (136) which suggests that the impurities 
act as nucîeaiioti iîtêâ for dsfsct cliistsrs. For other studies on copper, 
see references (137-143). 
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In aluminum, Silcox (144) and Thomas and Whitton (145) failed to 
20 2 
observe loops even after irradiation to 10 n/cm , whereas Bierlein and 
Mastel (146) were able to reveal loops in specimens irradiated up to a 
18 2 dose of only 3 x 10 n/cm . The concentration of these loops was found 
to increase with increasing dose. Westmacott et (147) found loops in 
aluminum irradiated by fission fragments, suggesting that nucleation 
probability is strongly damage-rate dependent. 
The literature with regard to TEM observations in b.c.c. metals has 
been amply reviewed by Tucker (67) and in the proceedings of recent con­
ferences (148-151). It suffices, therefore, to simply cite the relevant 
references for iron and several of the b.c.c. refractory metals. For Nb 
and V, however, we shall describe the literature in more detail. Thus: 
Iron: Hull and Mogford (152), Eyre (153), Eyre and Bartlett 
(154), Bryner (155,156), Ohr (157), Masters (158,159) 
Tungsten: Lacefield et al. (160), Rau and Moteff (76), Rau 
et al. (161), STklciï and Moteff (162), Sikka and Moteff 
TR3T 
Molybdenum: Kerridge et al. (164), Mastel et al. (165), Downey 
and Eyre (80), MeaHn and Greenfield"Tl6F), Brimhall et al. 
(167,168), Brimhall and Mastel (169), Rao and Thomas TTZÏÏT, 
Maher and Eyre (171), Eyre and Downey (172), Maher and 
Eyre (173), Eyre et al. (174), Moteff et al. (75), and 
Brimhall (175). 
Defect clusters were first observed in niobium by Tucker and Ohr (176) 
following irradiation to 2 x 10^^ n/cmf (E>1 MeV) at 50®C. In later work 
(35,58,67,78,177), the density and size distribution of defect clusters 
were observed following irradiation at 50®C to various doses from 2.2 x 10^^ 
tv 4.4 X 10^® (E>1 MeY) and upon post-irradiation annealing up to 
600®C. The results of Tucker and Wechsler (35) indicated that the total 
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1A — defect cluster density increased from 1.3 x 10 cm' for a dose of 2.2 
X 10^7 n/cmf (E>1 MeV) to 7.4 x 10^® cm'^ for 1.8 x 10^® n/cmf (E>1 MeV). 
The size distribution curves showed a peak in all cases. Loomis and 
Gerber (43) investigated the effect of oxygen on defect agglomeration in 
19 2 
niobium irradiated to 4 x 10 n/cm at 30-50®C and found that oxygen has 
a pronounced effect on the diameter and density of defect clusters and 
loops and on radiation induced hardening. These authors found the size 
distribution function monotonically decreasing with increasing size. 
Rau and Ladd (178) first investigated radiation damage by TEM in 
19 2 
single crystal vanadium irradiated to a fluence of 5.4 x 10 n/cm at ^ 
70*C. Following irradiation, anneals were carried out at temperatures 
ranging from 330 to 1175*C. In as-irradiated material the average estima­
ted size of cluster was reported as 25-50 8 and estimated density as 10^® 
to 10^^ per cm^. Upon annealing at 330*C, 510®C, 650®C, 815*C and 1175*C 
the average size and clusters densities were 75 R and 1.2 x lO^^/cmf, 
125 8 and 4.6 x 10^^/cm^, 175 A and 9.7 x 10^^/cm^, 400 % and 2.1 x loJ*/ 
cm^ and 500 Â and 1.1 x lO^^/cmf, respectively. 
Smidt (49) observed a defect cluster density of 3.7 + 0.7 x 10^®/cm^ 
after irradiation at 55®C to 1 x 10^^ n/cmf (E>1 MeV). The size distribu­
tion function exhibited à peak when plotted against diameter of cluster. 
The average diameter was found to be 28.6 + 2.0 8. Upon annealing for 2 
hrs. at 420°C, the density of 3.8 + 0.8 x 10^® and a size of 34.6 + 2.0 % 
was reported and at 600°C anneal a density of 9.7 x 10^^/cm^ and a size of 
ISO + 5.0 8 was observed. Upon higher temperature anneals (> 750*C) no 
defect clusters were observed. 
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Shiraishi et (50) irradiated 99.8% pure vanadium to a fluence of 
8.2 X 10^9 n/cm^ at 200®C and observed a defect cluster density of 1.4 x 
10^^/cm^ and an average diameter of 70 8 in as-irradiated and 2.1 x 10^^/ 
cm^ and 300 8, respectively, for 600°C post-irradiation annealed speci­
mens. 
Elen (179) investigated commercial purity vanadium (99.7%) irradiated 
to 7.2 X IcJ^ equivalent fission neutrons per cm^ at BOfC and observed 
2.3 X 10^^ defect clusters/cm^ of average size 70 8 in as-irradiated, 2.4 
X lO^G/cmf and 86 8 in 200*C-annealed, 1.7 x 10^®/cm^ and 92 8 in 400»C-
annealed, 3.1 x 10^^/cmf and 157 8 in 500®C-annealed and 1.8 x 10^^/cm^ 
and 229 8 in 570®C-annealed specimens, respectively. No clusters were 
observed ypon annealing at 100*C. Bocek and Elen (73) irradiated vanadium 
to 1 X 10^* n/cm^ (E>1 MeV) at 150-250°C and at 250-350*0. For the lower 
irradiation temperature, they observed a defect cluster density of 2 x loJ^ 
cm"^ and an average size of 30 8, whereas for the higher irradiation tempera-
15 -3 
ture, the density was lower (5 x 10 cm" ) and the average size larger 
(80 8). For the higher irradiation temperature, they also reported large 
platelets which they attributed to impurity precipitate particles. 
Shiraishi et al_. (46) reported an average defect cluster diameter of 
30 8 and a density of 5 x lO^^/cm^ in vanadium containing 190 ppm oxygen 
irradiated to 2.4 x 10^* n/cmf (E>1 MeV) at 70*C. The loop density de-
15 3 
creased to ~ 1 x 10 /cm upon post irradiation annealing at 600®C and the 
largest loop diameter was observed to be 150 8 following a post-irradiation 
anneal at 'x» 530®C. 
The role of interstitial impurities in void formation in vanadium has 
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also been studied by various investigators (180-182). A typical study 
by Carlander et aj.. (180) indicated a marked decrease in the diameter and 
number density of voids with increasing oxygen content from 0.02 to 0.09 
wt. percent. They also observed a bimodal void size distribution in the 
higher oxygen material. 
In vanadium, Rau and Ladd (178) and Smidt (49) analyzed the loops re­
maining after a post-irradiation anneal at about 600®C to be of inter­
stitial nature whereas Elen (179) and Shiraishi et al_. (50) found large 
loops to be of vacancy type. 
Shiraishi et (46) found defect clusters to be of interstitial 
nature with a/2 <111> Burger vector, in specimens irradiated to 7.5 x 10^^ 
to 5.0 X loJ9 n/cm^ and post-irradiation annealed to 500 or 550®C. How-
?0 2 
ever, in the specimen irradiated to 1.0 x 10 n/cm and annealed to 550®C 
the large dislocation loops were analyzed to be vacancy loops having a 
Burgers vector of a/2 <111> on {111} plane. 
It is evident from the above review of TEN observations for vanadium 
that wide variations in results have been obtained. One source of this 
variability is the impurity content of the various vanadium materials 
employed. There has been no systematic study of the effect of impurities 
on defect clusters in vanadium, and this has provided an additional 
motivation for the present work. 
y 
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F. Dislocation Channeling 
Dislocation channeling is a process by which slip dislocations 
eliminate defect clusters or dislocation loops produced upon Irradiation 
or quenching. This results in a defect-free band or channel along the 
slip plane. Dislocation channeling was predicted by Cottr%n (183) and 
first observed in neutron irradiated copper by Greenfield and Wilsdorf 
(184), Seeger (185), and Essmann and Seeger (186). The subject was 
recently reviewed by Wechsler (187). 
Sharp (188) investigated dislocation channeling in neutron-irradiated 
copper as a function of deformation temperature, neutron dose, and strain. 
He observed a strong correspondence between the channels and surface steps 
at slip bands, and reported that 2 to 3 dislocations move down the 
channels per slip plane. In the case of Cu-8% A1 alloy crystals, however, 
Brimhall and Mastel (189) observed that dislocation channels do not occur, 
which was attributed to the low stacking fault energy causing extended 
dislocations and inhibition of cross-slip. Nevertheless, dislocation 
channeling is quite widely observed in irradiated and in quenched metals, 
as indicated by the following: 
Irradiated metals: Cu (184-186,188,190), Mo (62,165, 
169,175), Nb (35,58,68,78,177,191), 
V (46,50,192), Fe (153,154), and 
Re (193). 
• 
Quenched metals: A1 (194-199) and Au (200-201). 
In almost all of the channeling observations the trace of the channel 
plane in the surface of view was consistent with the recognized slip plane 
for the metal under investigation. In Cu, for example, channels correspond 
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to {111} planes and in Mo and Nb to {110} or {112} planes. 
It is sometimes possible to identify the crystal!ographic orienta­
tion of the channel plane and determine the Burgers vector of the slip 
dislocation by using diffraction contrast. By examining transmission 
electron micrographs, the amount of shear displacement and the number of 
dislocations per channel may be determined. In neutron-irradiated Nb 
Tucker et |1_. (191) found that the shear strain was about 1.2 - 3.7, and 
1-3 channeling dislocations passed per atomic plane in agreement with 
Sharp's results (188). 
The effect of annealing has also been studied on samples that were 
irradiated and deformed. Sharp (188) found that anneals for one hour at 
200°C and 250°C did not cause any submicroscopic direct clusters within 
channels or widening of channels. 
Huang and Arsenault (192) found mid-ribs in some of the channels of 
high purity samples which were explained as being due to two channels 
forming parallel to each other, the second channel forming as a result of 
* 
a dislocation source being activated by stress field of dynamic pile-up 
occurring during the formation of the first channel. 
The presence or absence of dislocations within the channel is a 
question of some interest. In general, only a few dislocations have been 
observed within channels. Dislocation tangles and debris were observed 
at channel intersections in niobium (191). Smidt and Mastel (202) ob­
served tangled arrays of dislocations in neutron-irradiated and deformed 
iron. Hov^ever; thp neutron-produced clusters were invisible in their 
study. Channeling was deduced from the fact that tangled arrays of 
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dislocations of i\m'te widths were observed along crystal!ographic 
directions. Huang and Arsenault (192) observed dislocation channels and 
dislocation arrays within channels which were independent of oxygen con­
centration. 
The occurrence of channeling in radiation-anneal-hardened material 
is ambiguous. In Nb Tucker et (191) found that no channels were 
produced in a sample radiation-anneal hardened at 350°C for 1 hr, while 
Shiraishi e^^l. (50) observed channels in vanadium post-irradiation 
annealed at 400*C for 1 hr. 
The removal of defect clusters or dislocation loops in the path of 
moving dislocations has been explained by various mechanisms. According 
to one mechanism the channels are produced by sweeping aside the defect 
clusters in the manner of a snow-plow. This mechanism can be discounted 
because it suggests higher defect cluster densities near the channel wall, 
which has not been observed in most cases. Another mechanism that relies 
on the annihilation of defect clusters by anti-defects does not seem 
plausible in view of Sharp's (188) observation that dislocation channeling 
takes place upon deformation at 4®K in irradiated copper which minimizes 
the importance of atomic diffusion. 
Mechanisms of dislocation channeling have been discussed (203) in 
which dislocation loops are incorporated into the slip dislocation. How­
ever this requires that the loop and dislocation have the same or opposite 
Burgers vectors and that the loop interacts with the dislocation on the 
slip plane. However, as Sharp (188) has pointed out. many loops will have 
Burgers vectors included to the primary slip plane. 
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Another mechanism of dislocation interaction resulting in loop 
annihilation in f.c.c. metals was proposed by Foreman and Sharp (204) 
and is shown in Figure 5. This mechanism involves coalescence of a 
prismatic loop into the slip dislocation resulting in a slip dislocation 
with a semicircular hump. Such configurations have been seen in quenched 
single crystals of aluminum. A similar mechanism was proposed by Strudel 
and Washburn (205). 
There is another mechanism proposed for channeling according to which 
the defects are removed by adiabatic heating due to the local rapid re­
lease of the energy of plastic deformation. This mechanism has been dis­
cussed briefly and applied to dislocation channeling in Nb by Tucker et 
(191). 
6. Strain Aging 
Body-centered cubic metals containing interstitial impurities exhibit 
a sharp yield drop and an increase in yield stress when pre-deformed 
material has been aged for a sufficient time at an appropriate temperature. 
Cottrell and Bilby (206) treated the phenomenon theoretically based on 
segregation of impurities to form atmospheres around the dislocations. 
Dislocations surrounded by the atmospheres can be torn away from them only 
by application of sufficiently high stress. When this critical stress is 
reached, the slip dislocations become highly mobile, producing sufficient 
plastic deformation to permit the usual hard tensile machine to unload 
somewhat. This is reflected in a decrease in flow stress from the upper 




Flqure 5. Schematic representation of dislocation channeling mechanism proposed 
by Foreman and Sharp (204) 
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specimen which is unloaded in this condition contains free dislocations 
and, on immediate reloading, shows no yield drop. But if the specimen 
is aged at a sufficient temperature for the interstitial impurities to 
migrate and form new solute atmospheres around dislocations, the yield 
drop returns. Cottrell and Bilby (206) found that in the initial stages 
the rate of accumulation of impurities in the dislocation core region Is 
proportional to the two-thirds power of the time. They neglected, how­
ever, the impurity flow by diffusion due to concentration gradients and 
the depletion of impurities from the bulk material as the aging process 
proceeds. Builough and Newman (207) made a more thorough theoretical 
analysis of the formation of equilibrium atmospheres around the dis­
locations. 
Alternatively, Johnston and Oilman (208) have deduced from observa­
tions in Li F single crystals that grown-in dislocations remain locked and 
that plastic flow is initiated by heterogeneous nucleatlon and rapid multi­
plication of new dislocations. Hahn (209) extended this theory to account 
for yielding in b.c.c. metals. According to this theory three conditions 
must be satisfied for the occurrence of a yield drop: (1) initial dis­
location density mu-t be small, (2) the dislocation velocity must not in­
crease too rapidly with increasing stress, and (3) the dislocations must 
multiply rapidly. The first and most important condition can be achieved 
simply by "locking" the dislocation by impurity interaction in b.c.c. 
metals. 
The initial observations of the strain aging phenomenon were limited 
to iron and steels, but later this phenomenon was observed in other b.c.c. 
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metals, e.g., W (210,211), Ta (212), and Nb (212-215). In vanadium, 
Bradford and Carlson (216) Investigated the role of oxygen in strain 
aging and observed discontinuous yielding in temperature ranges of 150® 
to 175°C and also 350®C to 400*0. The magnitude and intensity of 
serrations in the stress-strain curve were found to vary considerably 
with oxygen content. From strain aging experiments employing a return of 
yield point criterion, the diffusing species responsible for this effect 
was shown to have an activation energy nearly equal to that of oxygen 
or carbon in vanadium. It was found that low-temperature serrations could 
be directly attributed to oxygen, but the tensile and yield strengths 
attained minimum rather than maximum values in this temperature range which 
is typical of strain aging behavior. 
Keith and Iverson (217) found that oxygen and nitrogen cause strain 
aging in electro-refined vanadium at 300® to 400®C as evidenced by maxima 
in yield and tensile strengths and by Snoek internal friction peaks. 
Thompson and Carlson (218) studied strain aging in vanadium due to nitro­
gen. In the temperature range of 300® to 400®C, serrated stress-strain 
curves and maxima in tensile strength, yield strength and strain-hardening 
coefficients were found. An activation energy of 37.3 + 3.7 Kcal/mole 
was obtained from strain rate dependence of the strain-aging peak and 
36.2 + 4.5 Kcal/mole from yield point return method. These values agree 
well with the activation energy of diffusion of nitrogen in vanadium, 34.1 
Kcal/mole (79,102) indicating that nitrogen is associated with the strain-
aging effects observed in vanadium. 
Edington et al_. (219) investigated strain aging of vanadium by 
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mechanical properties measurements and transmission electron microscopy 
and found four distinct stages of aging which were attributed to the 
diffusion of oxygen and/or carbon to the dislocations. The observations 
indicated that dislocations are fully locked by Cottrell atmospheres after 
an aging treatment of 60 min at 100*C. Also, they are unpinned on re­
straining after aging for less than 60 minutes, but for longer aging 
times, new dislocations are created on re-straining. Segregation of im­
purities at dislocations was contended to be the mechanism for progressive 
increase in strength and a general rise in the stress-strain curve. In­
crease in work hardening rate observed on re-straining after long aging 
times has been attributed to an increase in the number of active dis­
location sources compared with the number observed after shorter aging 
times. After a very long aging time, general softening was observed which 
was explained as being due to coarsening of precipitate particles on pre-
strain dislocations. 
The bombardment of metals with high-energy particles can be expected 
to produce point defects, mainly vacancies and interstitial s, and local 
regions of severe damage. The excess vacancies produced by the irradiation 
can aid the diffusion process in metals. The accelerated diffusion and 
possible trapping of diffusing species can cause changes in the strain-
aging behavior of irradiated metals. Fujita and Damask (106) compared the 
resistivity changes in irradiated and unirradiated quenched iron-carbon 
alloy and found five annealing stages in irradiated metal against two in 
the unirradiated metal. They concluded that carbon atoms are temporarily 
trapped by radiation-produced point defects and the trapping occurs only at 
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a temperature higher than that at which metastable carbide can form. No 
resistivity decay associated with formation of metastable carbide was 
observed in specimens irradiated to sufficient dosage to trap all carbon 
atoms. 
In a previous study, Wagenblast and Damask (220) found that irradia­
tion accelerated the disappearance of carbon from solution in iron by 
about three orders of magnitude over the thermal rate. Radiation-
enhanced removal from solid solution of nitrogen in alpha iron was re­
ported by Stanley (221). 
Bernent (222) investigated effects of neutron Irradiation on iron-
nitrogen and found that upon irradiation the strain aging tendency was re­
duced because of the reduction in the number of nitrogen atoms in solid 
solution contributing to strain aging. Ohr et (66) also reported a 
decrease in strain aging response in irradiated Fe-N, which is consistent 
with the removal of nitrogen from solid solution as it becomes trapped at 
radiation-produced defect clusters. 
Investigating the effects of irradiation on the strain aging behavior 
of Zircaloy-2 by measuring the parameter 6o/o (the ratio of increase in 
flow stress to flow stress at which the test was terminated), Veevers and 
Rotsey (223) and Veevers et al_. (224) found that the strain aging decreased 
upon irradiation. It was suggested that the defects produced in Zircaloy-2 
by fast neutron irradiation trapped oxygen atoms and prevented strain 
aging. 
In the present work, strain aging due to oxygen in vanadium is de­
creased upon irradiation, which is again consistent with the trapping of 
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oxygen at radiation-produced defect clusters. A preliminary description 
of this observation was given by Wechsler and Bajaj (225). 
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III. MATERIALS AND EXPERIMENTAL PROCEDURES 
A. Origin of Materials 
Vanadium used for radiation-anneal hardening and strain-aging speci­
mens was supplied by U.S. Bureau of Mines, Boulder City, Nevada through 
the courtesy of T. A. Sullivan. The material was in the form of electro-
refined dendritic crystals. The composition of as-received material is 
given in Table 1. The chemical analysis was carried out àt Ames Laboratory. 
The material used for single crystal specimens for microhardness 
measurements, transmission electron microscopy and dislocation channeling 
studies was supplied by Argonne National Laboratory. The chemical analysis 
of this material is also given in Table 1. 
B. Preparation of Tensile Samples 
Since the investigation involves the effect of oxygen on radiation 
damage in vanadium, specimens with three different oxygen contents were 
prepared. The as-received material was designated as low-oxygen material 
and two other oxygen concentrations were obtained by co-arc melting vanadium 
metal and pre-weighed amounts of VgOg in a gettered argon atmosphere. The 
material was cast into 100 gm fingers, which were then swaged into 0.100-
inch-diameter rods. Two-inch long pieces were cut from the rods and 
machined into tensile specimens of one-inch gage length and 0.08-Inch gage 
diameter using a tracer machining process to give specimens of precise 
dimensions and shape. The specimens were then electropolished in 20% 
NgSOg-SOB methanol solution at 20 volts and 2.0 saps current at room 
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Table 1. Chemical analyses of as-received material in weight parts per 
million® 
Element 52!ir« 
U.S. Bureau of Mines Argonne National Laboratory 
0 13 25 
C 7 9 
H 70 145 
N 1 2 
Fe 25 45 
Ni 20 < 50 
Al < 20 27 
Cr 50 < 80 
Mg <20 <20 
Si <40 <40 
Cu <30 <25 
Ti not detected < 25 
^Other impurities less than detectable spectrographic limits. 
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temperature. The specimen was rotated at a slow speed during polishing. 
The polished specimens were then successfully rinsed in water, acetone 
and alcohol and dried. The specimens were then carefully wrapped in 
tantalum foils in 3 separate batches and annealed at 900^0 for 12 hours 
at a pressure of about 10'^ torr. Following the anneal, the analysis of 
oxygen, nitrogen, and hydrogen was carried out by gas fusion analysis and 
C, Ni, and Fe contents were determined by wet chemical methods. Other 
impurities were analyzed by spectrographic techniques. Grain size of the 
specimens was determined by analyzing micrographs obtained at 80X. The 
analyses and grain sizes are given in Table 2. 
C. Preparation of Single Crystal Rods 
Single crystal rods were grown from 3/16-inch swaged poly-crystalline 
rods, which had been pre-doped with oxygen by the method described above. 
The crystals were grown in a Materials Research Corporation electron-beam 
floating-zone refiner. Model EB2-93. The unit consists of a scanner 
assembly encased in a steel chamber which is evacuated using mechanical 
and diffusion pumps equipped with freon and liquid nitrogen cold-traps. 
The blank of pressure in the specimen chamber before zoning was 2-4 x 10"^ 
torr. The swaged rod was mounted on the scanner assembly in V-groove 
mounts and passed through an aperture in a cylindrically-shaped electron 
gun assembly. The electron gun, attached to a stage that moved vertically 
and parallel to the specimen axis was composed of a 2-mm-diameter annular 
filament of 0.5 mm diameter tungsten wire-enèîosed in a molybdenum beam-
focusing pillbox. Focusing of the electron beam was accomplished by two 
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Table 2. Chemical analyses of polycrystalline tensile samples in 






















Al < 20 
Mg < 20 




















size in mm 0.024 0.142 0.146 
*Total of other substitutional impurities, < 100 ppm. 
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grounded molybdenum annular plates 4 mm apart equally spaced to either 
side of the filament. The electron beam power supply was capable of a 
variable voltage to 10 kilovolts and a beam current of 500 mi Hiamperes. 
The swaged rods were prepared for single crystal growth by removing 
several mils from the surface using a chemical polishing solution of 
HgSO^-.HgOcHNOg in proportions of 1:1:1. The rods to be grown and the 
seed crystal with orientation close to [149] were mounted vertically 
with a separation of about 3 mm between them. The rod was mounted in the 
V-groove of the upper fixture and the seed crystal was mounted in the 
lower fixture with spring steel wires screwed to the fixtures. This 
method of mounting reduces the thermal stresses produced in the crystal 
due to heating and subsequent cooling. 
The rod and seed crystal were concentrically aligned with the aperture 
in the electron gun assembly and were parallel to the direction of travel. 
After aligning, the chamber was closed and evacuation carried out to a 
pressure of 2-4 x 10"^ torr. 
The power supply was operated so as to maintain a potential difference 
of about 2 kv between the tungsten filament and the rod, yielding a beam 
current of about 100 mA. The filament was maintained at temperatures 
lower than the molten zone of the rod in order to minimize contamination 
from tungsten. This was evidenced by the color of the filment and a thin 
deposit of vanadium seen on the filament. The deposit caused the filament 
to sag and reduced its life. Initially, the electron gun was positioned 
at the gap bêtWëan rou and ths seed sc ss to rnslt the lower end of the 
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rod onto the seed crystal. Then the gun position was adjusted from 
outside the vacuum chamber to melt the upper end of the seed crystal. 
The length of the molten zone, which is determined by the surface tension 
of the metal, beam current» beam voltage and beam focusing pillbox 
design, was adjusted to (1-1.5) times the diameter of the rod by adjusting 
the beam current. After these adjustments, the electron^gun was set to 
travel automatically in an upward direction at a speed of approximately 
12 inches per hour. During melting, the pressure in the specimen chamber 
rose to 4-6 x 10"® torr. As the rod solidified, it had the orientation of 
the seed single crystal. After a single crystal of about 7-inch length 
was grown, the current was turned off and the crystal was then allowed to 
cool to the room temperature in vacuum. The surface of the single crystal 
was generally smooth. 
The rods thus obtained were then analyzed for axial orientation using 
Laue back reflection x-ray techniques with a film-to-camera distance of 
3 cm. The orientation of the 3 rods is given in Figure 6. 
The single crystal rods thus obtained (one 7-inch rod of each of 
three oxygen concentrations) were cut in two and machined to ^ 3.5 mm 
diameter. The rods were then cut into 9-mm-long pieces and ^ 1-mm-thick 
slices using a high speed cutting wheel. From the 9-mm-long pieces, 
compression specimens 8-mm long x 3-mm diameter were prepared by mechanical­
ly polished on both sides to 0.5-mm-thick specimens for microhardness 
measurements and transmission electron microscopy. 
The compression specimens and the slices were then cleaned and wrapped 





o V-500ppm OXYGEN 
• V-300ppm OXYGEN 
A V-95ppm OXYGEN 
Figure 6. Orientations of single crystal rods on a 
standard stereographic triangle 
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Following annealing, the specimens were analyzed. The analysis Is given 
In Table 3. 
D. Irradiation Procedures 
1. Tensile samples 
The polycrystalllne tensile specimens used for radiation-anneal 
hardening and strain-aging studies were irradiated by packing them into 
three aluminum capsules with perforated ends stacked one over the Other 
with a thermocouple in the middle capsule for temperature recording. The 
capsules were placed in an aluminum can with a 0.030-1nch-thick Cd liner 
to shield off 97% of the thermal neutrons. The irradiation was carried 
out in the Ames Laboratory Research Reactor (ALRR) in the V-1 facility 
with reactor heavy water in contact with the specimens. A temperature of 
106®C was recorded during the reactor operation (45® - 55®C during reactor 
shut down). Nickel foils were included in each package in close proximity 
to the specimens to: monitor the flux.^ The average fluence was determined 
to be 1.2 X 10^* n/cmf (E>1 MeV). Following de-encapsulation the specimens 
were observed to have a surface corrosion layer which was removed using a 
dilute nitric acid solution. 
2. Compression, TEM. and microhardness samples 
The irradiation of these single crystal specimens was carried out by 
enclosing them in vanadium capsules which were heliarc welded and sealed. 
1 
The flux values are estimated to be accurate to an absolute error of 
30% and relative error of less than 10%. 
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Table 3. Chemical analyses of single crystal TEM and compression samples 


































Al < 20 
Mg < 20 











®Total of other substitutional impurities, < 100 ppm. 
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The capsules were then stacked in 3 tiers in a Cd-lined aluminum can 
using an aluminum stacking jig. Three nickel flux monitors placed in 
contact with the capsules were used for flux determination. A thermo­
couple was welded to a dumn\y sample used for temperature measurement. The 
irradiation was performed in the V-1 facility of the ALRR. An irridation 
temperature of 95*Ç was obtained, and the average fluence was determined 
to be 1.4 X 10^® n/cm? (E>1 MeV). The samples were removed from the re­
actor after required neutron exposure and after a waiting period of 2-3 
weeks de-encapsulation was done to remove the specimens. 
E. Tensile, Compression and Hardness Tests 
Tensile tests for radiation-anneal-hardening and strain-aging experi­
ments were performed on a 10,000 lb capacity Instron testing machine 
equipped with an automatic load-elongation chart recording system. The 
-4 
tests were performed at room temperature and a strain rate of 1.66 x 10 
-1 
sec . 
The tensile samples for the radiation-anneal-hardening study were 
gripped in threaded collet grips made of heat-treated precipitation harden 
able stainless steel. The samples were strained in a frame attached to 
thé lower crosshead. 
The strain-aging samples were gripped into 1/4-inch diameter, 1/2-
inch long stainless steel grips. The grip section of the sample was first 
slipped into an 0.10-inch diameter threaded hole and the grip was then 
squeezed through ^ 0.10 inch undersized die to achieve effective gripping. 
A pull rod attached to the load cell and a frame attached to the lower 
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crosshead were used to strain the sample. 
Compression tests on single crystal samples for the dislocation 
channeling study and on unirradiated cold-worked samples were also per­
formed with the 10,000 lb capacity Instron machine equipped with a 
compression load cell, surface ground stainless steel platens, and a jig 
to facilitate low temperature tests. MpS2 was used as the lubricant. 
-4 -1 All tests were performed at a strain rate of 1.66 x 10 sec at room 
temperature or at liquid nitrogen temperature. 
Microhardness measurements were carried out on as-irradiated and post 
Irradiation-annealed specimens 0.5 mm thick and 3 mm diameter. The speci­
mens were amounted in quick-mount resin and cast into molds. The molds 
were then removed and polished flat on the ends and rendered parallel to 
within + 0.001 inch. The molds were then placed on the platform of the 
microhardness tester. 
The hardness measurements were carried out using a Kentron micro­
hardness tester equipped with a 136* diamond pyramid indenter. A load of 
1 kg was applied for «x, 10 sec to make an indentation on the specimen. At 
least three measurements were made on each specimen. Standardization was 
carried out using reference blocks. 
After the indentation was made, the average length of the diagonals 
of the indentation was measured in filar units using a filar eyepiece and 
a 20X, 135 mm objective. The diagonal length in filar units was then 
converted into microns. The diamond pyramid hardness number was then de­
termined using tables supplied with the equipment, taking the applied load 
into consideration. 
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F. Post-Irradiation Annealing Procedures 
Tensile specimens for radiation-anneal hardening measurements were 
post-irradiation-annealed in a dual chamber high vacuum annealing furnace 
shown in Figure 7. Chamber 1 which lies inside the furnace is made of a 
stainless steel tube and is connected to a Ultek high vacuum system 
consisting of a mechanical pump-ion pump (capacity 200 1/sec) vacuum 
system. Chamber 2 lies outside the furnace* is connected to Chamber 1 by 
an o-ring séal, and consists of two quartz tubes, one Inside the other. 
The inside tube can be pushed Into Chamber 1 magnetically, using a nickel 
piece epoxied to Its far end. The specimens were placed into the inside 
tube lengthwise and were pushed into the heating zone of a Lindberg split 
furnace (capable of providing temperatures up to 1200®C) after required 
temperature and vacuum (better than 10 ^ torr) had been attained. The 
temperature was measured using a Pt-Pt 13% Rh thermocouple located in 
close proximity to the specimens. Isochronal anneals at various tempera­
tures were performed for a duration of one hour measured after the equllibr 
Hum temperature was reached following the pushing of the specimens Into 
the hot zone. In some annealing runs, unirradiated control specimens 
were annealed with the Irradiated specimens. 
The low temperature (up to 200*C) anneals for strain-aging specimens 
were performed in a stirred silicone oil bath equipped with an on-off 
temperature control system. The high tanperature anneals were carried out 
In a tube furnace. The specimens (with grips) were sealed into quartz 
-7 
tubes under a vacuum of 10' torr or better. The temperature was measured 
using a chromel-alumel thermocouple and was controlled within + 3®C. 
Figure 7. Dual chamber high vacuum annealing furnace used for post-1rradlation anneals 
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The compression, TEN and microhardness specimens were annealed in a 
tube furnace, the specimens being sealed into quartz tubes under a 
vacuum of 10"^ torr or better. The annealing temperature was constant to 
within + 3®C. 
G. Preparation of Samples for Dislocation Channeling Studies 
Single crystal compression samples of three oxygen contents were de­
formed 5% and 1255 at room temperature, following irradiation as described 
previously. One sample of each oxygen content was deformed 5% under 
compression after a post-irradiation anneal at 400*C and one sample was 
deformed 12% after a post-irradiation anneal at 300*0. MoSg was sprayed 
on the compression platens to provide lubrication and a strain rate of 
1.66 X lOT* sec"^ at room temperature was used. Following the deformation 
the samples were cut into slices ~ 0.8 mm thick using a high speed cutting 
saw using water with 555 green oil as coolant-lubricant. The slices were 
then mechanically polished on both sides into 'v< 0.5 mm thick samples for 
subsequent polishing for transmission electron microscopy. One low-oitygen 
sample was compressed to a strain of 5% at liquid nitrogen temperature and 
then sliced and polished into TEM samples. 
One single crystal sample of each oxygen content was deformed before 
irradiation to 5% strain at room temperature and one specimen each to 555 
strain at liquid nitrogen temperature. These samples were also prepared 
19 2 for TEM examination. The samples were then irradiated to 1.4 x 10 n/cm 
(E>1 MeV) with other single crystal samples as described elsewhere. For a 
complete scheme of TEM sxsmir.aticn of see Figure 8. 
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Figure 8. Scheme of transmission electron microscopy of single crystal material 
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H. Transmission Electron Microscopy 
1. Sample preparation 
For transmission electron microscope (TEM) examination the 0.5 mm x 
3 mm diameter samples had to be electropolished to electron transparency. 
This was accomplished in two stages. In the first stage the sample was 
loaded into a teflon holder which exposed the central portion (~ 2 mm 
diameter) of the specimen to the polishing solution. The polishing was 
done by jetting (on both sides) 20% HgSO^, 10% HNOg, 70% methanol 
solution through stainless steel jets (which act as cathode as well) 
using a persaltic pump. The electropolishing was carried out at room 
temperature at 20V and 100 mA current for ~ 8 min. This process produced 
a dish in the central portion of the specimen about SOy thick. In the 
second stage, the sample was held in plexiglass tweezers with an embedded 
platinum electrode which made contact with the specimen. A nickel cathode 
was used and polishing was carried out in unstirred 20% HgSO^, 80% 
methanol solution. The progress of polishing was observed continuously 
through a 3X microscope and light source at opposite ends of a glass con­
tainer made of flat glass sheets for good viewing. The polishing was 
terminated by shutting off the supply of current as soon as a hole was 
observed in the specimen. Following the polishing, the sample was cleaned 
with distilled water, acetone, and ethanol# and then dried and stored in 
a desiccator. 
2. Microscopg operation 
The microscope observations were made at Materials Science Division, 
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Argonne National Laboratory, in an electron microscope operating at 200 
kilovolts and equipped with a goniometer stage capable of 30" tilt and 
360® rotation. A liquid nitrogen trap was used at the sample chamber to 
reduce sample contamination. Before each period of examination the 
microscope was aligned. 
The microscope was calibrated for the rotation of diffraction pattern 
with respect to the micrograph and for the magnification, which was re­
lated to intermediate and objective lens currents. The pictures were 
taken at magnifications between 40,000 and 68,000. The microscope plates 
were printed to give normal positive prints with the emulsion side of the 
plate facing the emulsion side of the print paper. 
3. Spot counting procedure 
The defect clusters and dislocation loops observed in electron micro­
graphs were analyzed for size distribution and density determination. 
The size and distribution of clusters were determined for various specimens 
with the aid of Zeiss Particle Size Analyzer TGZ3. The electron microscope 
plates were enlarged to give magnifications of about 100,000 to 300,000. 
The particle size analyzer is a semiautomatic instrument in which an iris 
diaphragm is imaged by a lens and light source out of the plane of plexi­
glass plate. The micrograph is placed on the plate and by adjusting the 
iris diaphragm the diameter of the circular light spot penetrating through 
the micrographs can be changed and is adjusted to correspond with the 
Individual clusters. Each aperture interval of the iris diaphragm is 
correlated with a cûuntêr which records v/here tHe foot-switch is depressed. 
59 
The cluster is counted in a given size interval and the puncher marks 
the cluster as counted. 
From the counter readings the size of the clusters was reduced to 
actual size and then statistical analysis was carried out to determine 
average size and standard deviation, using conventional statistical 
formulae. 
I. Determination of Density and Size Distribution 
of Defect Clusters 
The volume density of the defect clusters was determined by counting 
the number of defect clusters on an enlarged micrograph. On the average 
about 1200 clusters were counted in each micrograph. In order to de­
termine the volume of the foil under observation, it was necessary to 
estimate the thickness of the foil. The thickness was determined by 
counting the thickness contours (in bright and/or dark field) obtained 
under the same operating diffraction vector g = <200>. The extinction 
distance calculated in a manner described by Hirsch et al_. (123) for an 
accelerating voltage of 200 kev was determined to be 510 R. 
All the micrographs used for the analysis of density and size dis­
tribution were taken under a two beam condition with g = <200> and devia-
tion vector S = 0. The g was chosen as <200> so that all <111> type 
defect clusters would be visible, since then g.^ is always nonzero. The 
thickness of the foils ranged from 1500 to 3000 8. The plane of the foil 
was determined from the electron diffraction pattern of the area and was 
assumed to be perpendicular to the electron beam. In all the foils examined 
for density and size distribution, the foils were rotated and tilted ir, 
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such a way that the foil normal was <100>. The conditions of microscope 
examination were made identical to facilitate the comparison of the 
results. 
The size distribution function, n', expressed in number of defect 
clusters per cm^ per was determined by counting the number of clusters 
per unit volume in a size interval, divided by the interval size in A. 
A histogram of the size distribution function versus the defect cluster 
size was then plotted and smooth curves were drawn joining the peaks of 
the histogram. 
It should be pointed out that there are various errors involved in 
the density determination. The major source of error is the determination 
of foil thickness. Other sources of error include loss of defects to 
the surface, overlap of defects, operator judgment and difficulty in 
resolving smaller size defects from the background, especially in thicker 
foils. 
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IV. EXPERIMENTAL RESULTS 
A. Radiation Hardening and Radiation-Anneal Hardening 
1. Polycrvstalline tensile samples 
Polycrystalline samples of vanadium containing 60 ppm, 200 ppm, and 
640 ppm oxygen J irradiated to 1.2 x 10^® n/cm^ (E>1 MeV) at 105*C, were 
cleaned first in dilute nitric acid to remove any surface corrosion layer. 
Isochronal anneals were then carried out on separate irradiated and un­
irradiated samples for one hour at temperatures from 120*C to 600®C at 
intervals of about 25*C. One-hour anneals were also carried out at 650*C, 
700°C, and 800*C. For each anneal, two irradiated samples of each of the 
three oxygen contents were used. The tensile tests were performed on an 
Instron machine at room temperature at a strain rate of 1.67 x ICT* per sec. 
The results of tensile tests on polycrystalline vanadium with three 
levels of oxygen are shown in Figure 9, where lower yield stress is 
plotted against isochronal annealing temperature. Figure 9 also shows 
the yield stress of unirradiated materials, which were annealed under 
similar conditions. The lower yield stress was determined in conventional 
manner from stress-strain curves (0.2% offset, where yield drop was not 
observed). 
It is clear from Figure 9 that unirradiated specimens are largely 
In what follows, the designation V-60 is used to refer to vanadium-
60 wt ppm oxygen material, and similarly for material of other oxygen con­
centrations. See lables 2 and 3. 
Figure 9. Lower yield stress vs annealing temperature for unirradiated and 
Irradiated polycrystalline samples. Irradiation dose and 
temperature: 1.2x10^* n/cmf (E>1 MeV) at 106®C. Test tempera­
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unaffected by the anneals and that the yield stress increases due to 
irradiation. It can be observed from Figure 9 that the yield stress of 
irradiated materials increases with increasing oxygen concentration. For 
V-60, the yield stress increases from 11.6 kpsi to 23.6 kpsi upon irradia­
tion, whereas for V-640 the corresponding values are 19.8 kpsi and 40.3 
kpsi, respectively. 
Figure 9 also shows that the lower yield stress increases further 
upon annealing the irradiated materials (radiation-anneal hardening, RAH) 
for the three types of vanadium, and that RAH increases with increasing 
oxygen content of the specimens. This is more clearly revealed in Figure 
10 where the difference between lower yield stresses for irradiated and 
unirradiated specimens are plotted against isochronal annealing temperature. 
One can see that for V-60 the increase in yield stress upon post-irradiation 
annealing amounts to 4.0 kpsi whereas for V-640 an increase of ^ 9.5 kpsi 
is observed. From Figures 9 and 10 one sees that the RAH occurs up to 
about 400*C and beyond this temperature the yield stress recovers towards 
the original value for unirradiated material and this recovery is completed 
at about 700*C. The yield stresses in Figure 9 exhibit a fair amount of 
scatter, which is believed to be due largely to surface corrosion on 
vanadium as a consequence of specimen contact with reactor heavy water of 
the reactor during irradiation. 
The increase in the yield stress upon irradiation is accompanied by a 
decrease in the uniform elongation and elongation to fracture for all three 
oxygen levels in vanadium. For V-640, for example, the uniform elongation 
decreases from 20% in the unirradiated condition to zero in as-irradiated 
205 ppm OXYGEN 
640 ppm OXYGEN 
60 ppm OXYGEN 
<Tl <n 
200 400 600 800 
ANNEALING TEMPERATURE (»C) 
Figure 10. Difference between lower yield stresses for Irradiated and unirradiated poly-
crystalline specimens vs annealing temperature 
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condition. The corresponding values for the elongation to fracture are 
30% and 9% for unirradiated and irradiated samples, respectively. Similar 
observations on reduction in uniform and fracture elongations upon irradia­
tion were made for vanadium with lower oxygen contents. However, the 
amount of reduction decreases with decreasing oxygen content. Upon 
annealing in the temperature range where radiation-anneal hardening occurs 
(up to 400®C), there is little change in uniform elongation, and the 
elongation to fracture shows considerable scatter. 
An attempt was made to determine the effect of irradiation and anneal­
ing on reduction in area. For this purpose a number of fractured samples 
were examined by scanning electron microscopy (SEM). From the micrographs 
of the fracture surface, values of reduction in area were calculated. No 
meaningful conclusion could be drawn because of the scatter in the results; 
however, it was clear that the fracture was mostly ductile (characterized 
by large reduction in area at fracture) for irradiated as well as radiation 
anneal-hardened material. Figure 11 shows typical SEM micrographs of 
fracture surface of V-640. Figure 11a shows the fracture surfaces of un­
irradiated material and Figures lib and 11c show irradiated and radiation-
anneal -hardened material, respectively. The corresponding reduction in 
area values are also indicated in Figure 11. 
Upon irradiation, the rate of strain-hardening is reduced in vanadium. 
This reduction is more pronounced for V-640 than for material with lower 
oxygen content. Upon annealing the irradiated material to ~ 400®C the 
strain hardening rate shows a slight decrease for V-60 and V-200 and re­
mains virtually unchanged at a very low rate for V-640. 
Figure 11. Scanning electron micrographs of fractured surfaces 
of vanadium—640 ppm oxygen samples: (a) un­
irradiated, (b) as-irradiated, (c) post-
irradiation annealed at 395®C 
Annealed 
R.A. = 100% 
Irradiated and Annealed 
at 120°C 
R.A. = 90.8% 
Irradiated and Annealed 
395°C for 1 hr. 
R.A. = 89% 
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2. Single crystal microhardness samples 
Microhardness measurements were carried out on polished surfaces of 
0.5 mm thick, 3 mm diameter slices. The single crystal samples containing 
95, 300, and 500 wt ppm were tested in as-irradiated [irradiated to 
1.4 X 10^9 n/cm^ (E>1 MeV) at 95®C] and post-irradiation annealed con­
ditions. The post-irradiation isochronal anneals for one hour at tempera­
tures up to 1000®C were carried out in a static vacuum of 1 x 10~^ torr or 
better. The hardness measurements were carried out using a 136® diamond 
indenter with a load of 1 kg applied for ~ 10 sec. At least three measure­
ments were carried out on each specimen. 
Figure 12 summarizes the results of microhardness measurements. In 
this figure, diamond pyramid hardness number is plotted against isochronal 
annealing temperature for irradiated specimens. The dotted lines represent 
ing the microhardness measurements for unirradiated vanadium of similar 
chemical composition are taken from Bradford and Carlson's work (226). 
From Figure 12 it can be observed that microhardness increases upon 
irradiation and that the increase in hardness increases with increasing 
oxygen content. V-500 undergoes an increase of 37 DPH while V-95 ex­
periences an increase of only 18 DPH. 
Figure 12 also shows that there Is a further increase in hardness upon 
post-irradiation annealing (RAH) which reaches a peak at «v 300*0 for V-500 
and V-300. However, V-95 undergoes less RAH. Upon annealing above 400*C, 
the hardness tends to approach the unirradiated value and the recovery Is 
complete at about 800°C. 
Figure 12 thus indicates two effects of increasing oxygen content: 
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Figure 12. Diamond pyramid hardness vs annealing temperature for 
unirradiated and irradiated single crystal samples. 
Irridation dose 1.4 x 10^^ n/cmf (E>1 MeV) at 95°C. Un­
irradiated hardness values from Bradford and Carlson (2zô) 
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(1) increasing radiation hardening in as-irradiated material, and (2) 
increasing RAH. These two observations are consistent with the results 
described above and shown in Figure 9 for tensile tests on polycrystalline 
samples. 
In order to correlate the internal structure of the material with the 
mechanical properties, transmission electron microscopy (TEM) was carried 
out on single crystal samples treated under conditions similar to those 
for the samples described above in connection with microhardness measure­
ments. The results are described in the next section. 
B. Transmission Electron Microscopy 
1. Density and size distribution of defect clusters 
Figure 13 shows radiation-produced defect clusters as black spots for 
V-95 as-irradiated and post-irradiation annealed at 200 - 600*0. The 
specimens annealed at 800®C and 1000®C did not reveal any defect clusters; 
however, there was evidence of some precipitation, presumably of oxide of 
vanadium. At first glance, the Figures 13 (a)-(d) reveal no striking 
change in the size of the defect clusters as a result of annealing tempera­
ture up to 400*0. Beyond 400*0, however, the defect clusters grow in size 
considerably and the density is reduced. Determination of the defect 
cluster density size-distribution function, n', for as-irradiated and post-
irradiation-annealed specimens indicates that Indeed there is a change in 
the defect cluster distribution occurring upon post-irradiation annealing. 
Figure 14 represents a plot of n' versus defect cluster size for three 
samples as measured on # Zeiss Particle Size Analyzer. One can see from 
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{a)AS-IRRADlATED (b) 200°C (c) 298®C 
(d) 400®C (e) 501 °C 
Figure 13. Defect clusters in as-irradiated and post-irradiation 
annealed vanadium - 95 ppiu oxygen. Irradiation dose, 
~ 1.4x10^9 n/cn? (E>1 MeV). Irradiation temperature, 
^ 95®C. Isochronal annealing time, 1 hr. g = <200>. 
Normal to foil, <100> 
Figure 14. Defect cluster density size-distribution function, n', vs defect cluster 
size in as-irradiated and post-irradiation-annealed 1 hr at indicated 
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Figure 14 that with increase in annealing temperatures the peak of the 
distribution curve shifts towards larger size and that density of the 
clusters (represented by the area under the distribution curve) is re­
duced. This is quite apparent for annealing temperature of 400®C. 
Figure 15 displays radiation-produced defect clusters in as-irradiated 
and post-irradiation annealed V-300 samples. The size of the defect 
clusters appears to remain unchanged upon annealing up to 300®C. This is 
borne out by Figure 16 which shows size distribution curves for V-300 
samples. Upon annealing at temperatures of 400*C and higher, the size 
of the clusters increases. 
Figure 17 shows micrographs obtained from TEM examination of V-500 
samples, irradiated and post-irradiation annealed. Figure 18 shows cor­
responding size distribution curves. It is apparent from Figures 17 and 
18 that the size and density of the clusters do not change significantly 
up to an annealing temperature of 400°C. 
As in the case of V-95, anneals at 800°C and 1000°C were carried out 
for V-300 and V-500 also, and some precipitation was observed. 
Table 4 summarizes the results of analysis of defect clusters carried 
out on TEM micrographs. It provides the average size, d^, standard 
deviation, total density, n, of defect clusters and interbarrier dis­
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Figure 15. Defect clusters in as-irradiated and post-irradiation-
annealed vanadium - 300 ppm oxygen. Irradiation 
dose, A, 1x4x10^9 n/cm? (E>1 MeV). Irradiation tempera­
ture, 'v 95®C. Isochronal annealing time, 1 hr. 
g = <200> . Normal to foil, <100> 
Figure 16. Defect cluster density size-distribution function, n*, vs defect cluster 
size in as-irradiated and post-irradiation-annealed 1 hr. at indicated 
temperatures vanadium - 300 wt ppm oxygen 
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(a)AS-IRRADIATED (b) 200°C (c) 3orc 
•••••••1 yiX*2ERR^IW k 
(d) 400®C (e) 50rc (f) 601 *C 
Figure 17. Defect clusters in as-irradiated and post-irradiation 
annealed vanadium - 500 ppm oxygen. Irradiation dose 
~ 1.4x10^9 n/cm? (E>1 MeV). Irradiation temperature, 
-v 95®C. Isochronal annealing time, 1 hr. g = <200> . 
Normal to foil, <100> 
Figure 18. Defect cluster density size-distribution function, n', vs 
defect cluster size In as-irradiated and post-irradiation 
annealed 1 hr at indicated temperatures vanadium - 500 wt 
ppm oxygen 
o 
n% DEFECT CLUSTER DENSITY-SIZE 


















Table 4. oJiPect cluster parameters from TEM micrographs for as-irradiated and post-irradiation 
annealed single crystal vanadium 
Sample Annealing Average Standard Total Total area Total loop Inter-
temp. d1ameter deviation density per unit length per barrier 
volume unit vol. distance 
h ^c a n Ac l-c I 








V-9E1 As-irrad, 138 30 6.57 10.3 2.86 10.5 
200 136 33 7.22 11.1 3.08 10.1 
298 144 35 5.69 9.8 2.58 11.0 
400 197 51 3.08 10.0 1.90 12.8 
501 310 89 0.80 6.5 0.78 20.1 
V-3()0 As-1rrad. 77 16 17.75 8.6 4.28 8.6 
200 75 14 17.76 8.1 4.17 8.7 
305 80 18 16.51 8.7 4.15 8.7 
400 140 35 ' 8.60 14.0 3.77 9.1 
501 191 61 2.41 7.6 1.44 14.7 
599 258 92 0.42 2.5 0.34 30.5 
V-5()0 As-irrad. 73 15 23.64 10.4 5.45 7.6 
200 71 14 23.42 9.6 5.21 7.8 
301 79 15 22.70 11.7  5.67 7.4 
400 76 19 20.46 9.9 4.88 8.0 
501 157 60 3.46 7.7 1.71 13.6 
601 271 91 0.70 4.5 0.58 23.0 
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Q 
where is the number of defects per cm in the j size interval, d. is 
J J 
the defect cluster diameter at the center of the size interval and N 
is the number of intervals. The standard deviation, a^, which is a 
measure of deviation from the average cluster size, is defined as 
N , 
Standard Deviation, a = T f_.(d.-3"-) (30) j=l J J 
fh 
where fj is the fraction of defect clusters in the j size interval. 
The effect of o;;ygen concentration and post-irradiation annealing on 
the average defect cluster size is illustrated in Figure 19. We see that 
the as-irradiated d^ decreases with increasing oxygen concentration. 
Furthermore, upon isochronal annealing, stays fairly constant at first, 
but at higher temperatures, it increases rapidly. The temperature at which 
the defect clusters begin to coarsen increases with increasing oxygen con­
centration. Thus, cTç begins to increase at 300*0 for the V-95 material, but 
the coarsening does not occur appreciably until 500®C is reached for the 
V-500 material. It is also apparent from a comparison of the defect 
cluster size distribution curves in Figures 14, 16 and 18, that the dis­
tribution curves become narrower with increasing oxygen concentration. A 
comparison of the standard deviations of the defect cluster sizes (o^. 
Table 4) also indicates this fact. 
Another important factor is the density, n, or number of defect clusters 
3 
of all sizes per cm . Figure 20 shows that n increases with increasing 
oxygen concentration in the as-irradiated material. Also, n decreases upon 
isochronal post-irradiation annealing. The onset of the decrease in n occurs 
Figure 19. Average diameter, 3"^, of radiation-
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Figure 20. Density of defect clusters, n, vs annealtng tempéra­
ture for single crystal samples 
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at higher temperatures as the oxygen concentration is Increased. 
As was described above, a quantity of some significance in the analy­
sis of radiation hardening Is the average interbarrier distance on a plane, 
T. This may be expressed as 
1 1 
I = = . 
n h _ h 
C I n.d.] (nd ) j=l J J ^ 
A plot of T versus annealing temperature is shown in Figure 21.  We see 
that r decreases with increasing oxygen concentration and increases upon 
post-irradiation annealing. However, as for n and 3^ separately, the in­
crease in T occurs most readily for the lowest oxygen material. 
2. Special features 
It is worthwhile to mention several special features arising from 
apparent nonrandomness in the spatial arrangement and distribution of defect 
clusters. Figure 22 exhibits A a region where defect clusters are 
bunched together along a line adjacent to a relatively defect-cluster free 
region in an as-irradiated V-30C We may speculate that a disloca­
tion segment was initially present at A at which the defect clusters were 
located preferentially and adjacent to which some denudation occurred. It 
is also possible that the dislocation segment was still present at A but was 
out of contrast for the diffraction vector employed. Figure 23 also displays 
a photomicrograph for the as-irradiated V-300 material. At A, again, there 
is a high coriCêntratlGn of defsct clusters apparently along a dislocation 
line. Some depletion of defect clusters appears to have occurred at A, 
Figure 21. Plot of interbarrier spacing, T, vs annealing 
temperatures for single crystal samples 
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Figure 22. Transmission electron micrograph of V-300 single crystal in as-
irradiated condition. Region A indicates a linear arrangement of 
defect clusters adjacent to a denuded region 
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Figure 23. Transmission electron micrograph of V-300 single crystal in as 
irradiated condition, showing linear arrangements of defect 




seemingly from both sides of the line. At B and C denudation has also 
occurred, but primarily from only one side of the dislocation line. 
Figure 24 illustrates another interesting feature. At first glance 
the defect clusters may appear to be randomly distributed. A careful 
examination, however, reveals that the clusters are frequently aligned 
along an arc or loop (for example, at A, B, and C) or in a chain-like 
manner at D and E. The micrograph in Figure 24 refers to an as-irradiated 
V-300 sample, but the feature under discussion here was observed in other 
samples including post-irradiation-annealed ones. 
C. Strain Aging 
The strain-aging study was carried out on polycrystalline tensile 
samples similar to those used for the radiation-anneal hardening study. 
The strain-aging experiments were carried out on both irradiated and un­
irradiated specimens. The purpose of this study was to determine the 
effect of neutron irradiation on the strain-aging behavior of vanadium and 
to compare the result with unirradiated material. It was also of interest 
to delineate the role of interstitial impurities, particularly oxygen, on 
the strain-aging behavior of irradiated vanadium. 
The tests used for this study were load-unload-anneal-reload tests. 
The sample was deformed to a certain strain beyond elastic limit, it was 
unloaded, annealing was performed, and the sample was then reloaded. This 
was repeated for a number of annealing treatments on the same sample. Both 
isothermal and isochronal annealing treatments were performed. Isothermal 
anneals were carried out at 175*C tc correspond to the center of the rising 
portion of the radiation-anneal hardening curves for vanadium (Figure 9). 
Figure 24. Transmission electron micrograph of V-300 single crystal in as-
irradiated condition. Letters A-E indicate regions where 
defect clusters appear to be arranged in chain-like fashion 
along an arc 
96 
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The load-elongation plots were converted into true stress - true strain 
diagrams, using the conventional formulae for conversion of engineering 
stress and strain into true stress and strain. 
Figure 25 shows results of strain-aging tests for V-60. The top 
portion of the figure represents a true stress - true strain diagram for 
unirradiated material and bottom portion that for irradiated material. 
The anneals were carried out at a temperature of 175®C. The times in­
dicated on the curves are actual times of anneals at 175*C during un­
loading and not the cumulative times. 
It can be observed from Figure 25 that the tendency for strain 
hardening is greatly reduced in irradiated material as evidenced by much 
smaller increase in stress level upon isothermal annealing and straining 
for irradiated material (20 kpsi to 30 kpsi) than unirradiated material 
(10 kpsi to 30 kpsi). Whereas for unirradiated material the yield drop 
returns after 30 minutes of annealing time (vertical arrow top figure), for 
irradiated material the yield drop returns after 12 hr (second 12 hr 
anneal, vertical arrow bottom figure). Thus the strain-aging tendency 
(reappearance of yield drop) is delayed in case of irradiated material. 
Figure 26 shows results of strain aging tests on V-200. One can see 
that the appearance of yield drop is delayed in irradiated material to 7 
hr as compared to 5 min for unirradiated material. Similar results were 
obtained for V-640 in which case the yield drop appears after 30 min of 
annealing in irradiated material, whereas it occurs after only 30 sec of 
' 
?nneal In case of unirradiated material (Figure 27). 
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Figure 25. True stress vs true strain for unirradiated (above) 
and irradiated (below) specimens of vanadium - 60 wt 
ppm oxygen isothermally annealed at 175®C. Irradia­
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Figure 26. True stress vs true strain for unirradiated (above) 
and Irradiated (below) specimens of vanadium - 200 wt 
ppm oxygen isoihemiaïljr annealed at 175®C. Irradiation 
dose, 1.2x10^® n/cmf (E>1 MeV) at 105*C 
Figure 27. True stress vs true strain for unirradiated (above) 
and irradiated (below) specimens of vanadium -
640 wt ppm oxygen isothermally annealed at 175°C. 
Irradiation dose, 1.2x10^® n/cmf (E>1 MeV) at 105®C 
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Table 5 below summarizes the aging times for reappearance of yield 
drop for unirradiated and irradiated materials. 
Table 5. Aging time (sec) for reappearance of yield drop 
Material . Unirradiated Irradiated 
V-60 1800 4.32 X 10^ 
V-200 300 2.5 X 10^ 
V-640 30 1.8 X 10^ 
The following conclusions can be drawn from Figures 25-27: 
1. Neutron Irradiation reduces the tendency of strain hardening. 
2. Neutron Irradiation delays the appearance of the yield drop, thus 
reducing the strain-aging tendency. 
3. With Increasing oxygen content the strain-aging tendency Increases 
In both unirradiated and Irradiated material. 
As mentioned above. Isochronal tests were also performed during tfie 
strain-aging study. The Isochronal annealing treatments were carried out 
for a duration of 1 hr. 
Figures 28-30 show that In unirradiated material there Is decrease In 
the flow stress upon annealing at about 500*C. The decrease In the flow 
stress from the stress In preceding deformation Increases with Increasing 
oxygen. The same behavior Is apparent in the case of irradiated material. 
Figure 28. True stress vs true strain for unirradiated (above) and irradiated 
(below) specimens of vanadium - 60 ppm oxygen isochronally annealed 
for 1 hr. Irradiation dose, 1.2x10^® n/cm (E>1 MeV) at 105®C. 
Arrow points to an instant reloading 
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Figure 29. True stress vs true strain for unirradiated (above) 
and irradiated (below) specimens of vanadium -
200 ppm oxygen isochronally annealed for 1 hr. 
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Figure 30. True stress vs true strain for unirradiated (above) 
and irradiated (below) specimens of vanadium - 640 
ppm oxygen isochronal!y annealed for 1 hr. 
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However, in case of irradiated material there were no yield drops 
observed for V-60. In V-200 (Figure 29) yield drops were observed but 
were not well defined. In case of V-640 (Figure 30), however, yield drops 
were observed in curves for 201 and 253°C anneals. The temperature region 
between 150 and 300*C appears to be of significance here. Beyond 300*C 
no yield drop was observed in any of the three kinds of materials. 
To determine the role of strain level in appearance of yield drop or 
in increase in stress upon isothermal annealing, the following experiments 
were performed. Separate samples of all three kinds of materials were 
strained about 3%, 6%, and 8% prior to a 2-hr anneal at 175*C. The results 
of these tests are represented in Figures 31-33 and can be summarized as 
follows: 
1. Samples of V-60 and V-200 strained about 3%, annealed at 175*0 
for 2 hr and restrained showed no yield drop or increase in stress. V-640, 
however, showed a marked yield drop and increase in stress. 
2. V-60 strained about 6% annealed at 175°C for 2 hr and restrained 
showed no yield drop or increase in stress. However, V-200 and V-640 
showed yield drops and increase in stress. The magnitude of the yield 
drop for V-640 was larger than for V-200. 
3. All three kinds of materials showed increase in stress upon 
restraining but only V-640 and V-300 show yield drop, and the magnitude of 
increase was larger for vanadium with higher oxygen concentration. 
4. Upon annealing for longer times yield drop and/or increase in 
stress v?ere observed in all three kinds of material even after only 3% 
prior strain. 
True stress vs true strain for irradiated vanadium 
strained ^ 3% prior to annealing at 175*0 for 
specified times 
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Figure 32. True stress ys true strain for irradiated vanadium 
strained 6% prior to annealing at 175®C for 
specified times 
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Figure 33. True stress vs true strain for irradiated vanadium 
strained «y, 8% prior to annealing at 175°C for 
specified times 
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0. Surface Slip Markings 
Single crystal samples of vanadium - oxygen were deformed at room 
temperature and were observed in the scanning electron microscope (SEN). 
Figure 34a shows the scanning electron micrograph of a portion of un­
irradiated V-95 sample deformed about 12%. Figure 34b displays some 
material deformed after irradiation to the same strain. It can be ob­
served that in case of irradiated material the slip markings are sharp, 
deep and rather inhomogeneously distributed along the length of the sample, 
whereas the slip lines in unirradiated material are not so clearly visible 
at the same magnification of lOOOX as for the irradiated V-500 sample. In 
Figure 35a inhomogeneously distributed parallel slip lines can be observed 
whereas Figure 35b shows a group of parallel slip lines Intersected by a 
coarser slip band, which splits into two, moving from left to right. Fig­
ure 35c displays two intersecting slip systems. In this case offsets in 
slip line A due to slip line B can be seen at X. It can be seen that the 
slip lines are not equally spaced in Figure 35. 
The inhomogenity of deformation in Irradiated material is probably 
responsible for the decrease in work hardening rate and uniform and 
fracture elongations In irradiated materials. 
It has been demonstrated by various authors (186,188,192) that the 
surface slip markings on Irradiated samples correspond to dislocation 
channels as observed by transmission electron microscopy. 
E. Dislocation Channeling 
When a neutron-Irradiated material is plastically uêrûmau and ob­
served by transmission electron microscopy, it reveals channels that are 
F'igure 34. Scanning electron micrographs of vanadium - 95 wt ppm oxygen single crystals 
deformed 12% in compression at room temperature: (a) unirradiated specimen, 
(b) Irradiated to 1.4 x 10^® n/cm^ (E>1 MeV) at 95®C prior to straining 
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Figure 35. High magnification scanning electron micrographs of slip lines in 
irradiated and deformed vanadium - 500 ppm oxygen single crystal 
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cleared of defect clusters in a matrix which retains its as-irradiated 
appearance. These cleared channels generally coincide with the traces 
of expected slip planes and hence it is reasonable to consider the channels 
as being the result of the motion of glide dislocation. These channels are 
called "dislocation channels." Subsequent deformation in the cleared 
channels is enhanced relative to the radiation hardened matrix resulting 
in stress concentrations. The channels observed by TEM are bound by the 
surface of the foil and the channel wall. The channel plane is the plane 
parallel to the channel wall and the channel trace direction is the 
direction along the line of intersection of the channel plane and the 
surface plane of the foil. 
As described in Chapter III, plastic deformation of irradiated single 
crystal vanadium with three oxygen contents was carried out at strains of 
5% and 12% at room temperature. Single crystal material post-irradiation 
annealed at 300*C and 400*C was also plastically deformed to 5% and 12% 
strains, respectively. Irradiated vanadium - 95 ppm oxygen was deformed 
to 5% strain at liquid nitrogen temperature for further examination. All 
the material described above was then prepared into TEM foils for observa­
tion. 
1, General appearance and orientation 
Figure 36 shows channels in a V-95 single crystal specimen deformed 
12%. Two intersecting channels denoted by A and B can be observed. The 
operating reflection for the micrograph is [Fll] and the plane of the foil 
is (111). The trace direction for channel A is approximately [lOT] and 
Figure 36. Dislocation channels In vanadium - 95 wt ppm oxygen 
single crystal, post-Irradiation deformed 12% in 
compression at room temperature. Intersecting 
channels can be observed at A and B 
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for B [ITO]. Since channels in Figure 33 appear to be devoid of defect 
clusters, the channel walls may be assumed to be perpendicular to the plane 
of view. Hence it is deduced that the planes of the channels A and B are 
(IFI) and (117), respectively. The channels are of nearly uniform width 
of about 1800 8. 
One can observe in Figure 36 that the defect density near the channel 
wall is the same as it is in the matrix. An increased density along the 
channel walls would indicate the snow-plow mechanism where the channeling 
dislocations sweep the defect clusters aside and deposit them at the chan­
nel wall. 
Furthermore, if many dislocations penetrate the wall, they would . 
annihilate the defect clusters. This can be observed at few places in 
Figure 36. At X and Y, for example, one can see dislocations penetrating 
the channels and the defect cluster density in the region around the dis­
location is reduced, but this is only a localized effect. 
One notes in Figure 36 that there is a dislocation tangle at the 
intersection of channels A and B. It can be seen that the tangle is a 
result of intersection of dislocations moving along two distinct slip 
planes. One can also observe dislocations associated with channel walls. 
On the top left hand position of the figure one sees dislocation segments 
associated with both walls of the channel A. In channel B, however, dis­
locations are mainly along one wall of the channel. At the bottom right 
position of the figure, which shows relatively thick section of the 
specimen.j one can see dislocation tangles and a knot-like appearance in 
channel A which seems to have been offset by a channel (not well-developed) 
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running parallel to channel B. Another offset of about half the width 
of channel A due to channel B can be clearly seen at the intersection 
of the two channels. 
Figure 37 shows TEM micrograph of V-300 deformed 5% at room tempera­
ture. The figure shows three parallel dislocation channels A-], Ag, A^ 
and a fourth channel B intersecting them. The channels in Figure 37 do 
not lie exactly perpendicular to the plane of the foil, but are inclined 
to it. Therefore it appears as if the channels are not completely cleared 
of defect clusters. The micrograph shows a relatively thick section of 
the foil. The plane in which the channels lie is probably (110) which is 
about 13® from (133). The widths of the channels in Figure 37 vary from 
about 700 8 to about 1150 R. At X and Y, dislocation debris can be ob­
served. A few dislocation segments can also be observed in Figure 37. 
The channel trace directions have been determined to be [30T] and [3*21] 
from the diffraction pattern. 
Figure 38 shows dislocation channels in V-500 material following post-
irradiation deformation to about 5% in compression. A high concentration 
of slip dislocations can be seen in the channels. 
2. Effect of strain on dislocation channels 
As described earlier, samples were deformed at room temperature to 
5% and 12% strain following irradiation. In this range of strain, the 
width of the dislocation channels generally increases with strain as 
measured on the TEM micrographs; however this conclusion is only tentative, 
since the channel width is not constant even in the same sample. 
Figure 37. Dislocation channels in vanadium - 300 wt ppm oxygen single crystal, 
post-irradiation deformed 5% in compression at room temperature. 
Dislocation debris can be seen at X and Y 
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Figure 38. Dislocation channels In vanadium - 500 wt ppm oxygen single crystal, post-
Irradiation deformed 5% In compression at room temperature. A high 
density of slip dislocations can be seen within the channels 
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The number of channels observed increases with increasing strain 
in the range of 5% to 12%. The nunter of dislocations and dislocation 
tangles inside the channels also increases with increasing strain. 
3. Effect of oxygen on dislocation channels 
No definite conclusion can be drawn regarding the effect of oxygen 
on the width of the channels and on the number of channels produced with 
the same strain because of very limited amount of material which can be 
examined by TEN. However the amount of oxygen has an effect on the dis­
locations and dislocation tangles inside the channels. The dislocation 
tangles were observed in all three kinds of samples but the occurrence of 
tangles was more common in V-500 than in V-95 material. 
An example of dislocation tangles in the V-95 material deformed 12% 
is shown in Figure 39. On the left hand top of the picture, which shows 
a relatively thinner section of the foil, the channel is rather clear 
whereas in the bottom right hand corner massive dislocation tangles can 
•  I  
be observed inside the channel. The channel trace directions in Figure 
39 are [lOT] and [TlO]. 
4. Dislocation channeling in material post-irradiation deformed at 77?K 
Single crystal V-95 material was post-irradiation deformed 10% in 
compression at liquid nitrogen temperature (77®K) and examined by TEM. The 
low temperature deformation produced twins in the material as evidenced 
by clicks heard during the test and joggy load-elongation curves. Never­
theless. in the six foils prepared and examined by TEM, no region with 
twins could be observed. However, dislocation channels were observed in 
Figure 39. Dislocation channels in vanadium - 95 wt ppm oxygen single crystal, 
post-irradiation deformed 12% in compression at room temperature 
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some regions. One such channel is shown in Figure 40. It can be 
observed that the width of the channel does not remain constant along its 
length, varying instead from 1250 % to about 3350 %. In the right hand 
bottom section of Figure 40, there are a few defect clusters left behind 
inside the channel. The plane of the foil in Figure 40 is (100) and 
channel trace direction is [013]. At A defect clusters lined along a 
dislocation can be observed. At B one sees a bowed-out dislocation 
possibly pinned at defect clusters. 
Figure 41 shows another region of a V-95 sample deformed at 77®K. 
The channel trace direction is [Tl?] in the (110) surface observed under 
[00?] operating vector. In this figure, bowed out dislocations extending 
across the channels can be observed at various places. Parallel dis­
locations outside the channel are also evident in Figure 41. It can be 
seen that only one wall of the channel is well defined and not all the 
defect clusters are completely removed from the channeled region. 
5. Dislocation channeling in post-irradiation-annealed samples 
Single crystal samples of vanadium of three oxygen contents were 
post-irradiation annealed at 300°C and 400°C for 1 hr and were deformed 
about 12% and 5% at room temperature. TEN examination of the foils re­
vealed the presence of dislocation channels in all three kinds of material. 
As an example. Figure 42 shows channels in V-500, post-irradiation annealed 
at 300®C for 1 hr and deformed about 12% in compression at room temperature. 
Dislocation channels lying along [121], [lOT] and.[OlT] can be observed on 
a (111) foil plane observed under [ITO] diffraction vector. The walls of 
Figure 40. Dislocation channel in vanadium - 95 wt ppm oxygen single crystal, post­
irradiation deformed 10% In compression at liquid nitrogen temperature 
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Figure 41. Dislocation channel In vanadium - 95 wt ppm oxygen single crystal, post-
Irradiation deformed 10% In compression at liquid nitrogen temperature 
cr 
Figure 42. Dislocation channels in vanadium - 500 wt ppm oxygen single crystal, post­
irradiation annealed at 300°C for one hour and deformed 12% in 




the channels In Figure 42 are not very well-defined. Dislocation seg­
ments along the walls and inside the channels can be observed at various 
places. 
Figure 43 shows a dislocation channel in V-95 material, post-
irradiation annealed at 300®C for 1 hr and deformed 12%. Massive dis­
location tangles can be observed at top right hand corner of the figure 
in the thicker section of the foil, whereas the channel in the thinner 
section (bottom left) is relatively clear. 
Figure 44 shows a region of V-500 post-irradiation annealed at 400®C 
for one hour and deformed 5%. One can observe dislocations and tangles 
in the micrograph. The tangles, however, are arranged along two parallel 
paths which are relatively denuded of defect clusters and give the 
appearance of dislocation channels. 
The essential features of dislocation channeling in material post-
irradiation annealed and deformed can be summarized as follows: 
(1) The channel walls are not well defined. 
(2) There are many dislocations and tangles inside channels. 
(3) In many cases defect clusters are observed Inside the channel. 
An example is shown in Figure 45. 
F. TEM of Material Deformed Prior to Irradiation 
Figure 45 shows a micrograph of V-95 sample deformed 5% at room 
temperature, irradiated to 1.4 x 10^® n/cmf (E>1 MeV) at 95®C and ex­
amined. One can observe dislocations lined preferentially in the [020] 
direction, with the dislocations occurring in bunches. Massive dislocation 
Figure 43. Dislocation channel in vanadium - 95 wt ppm oxygen single crystal, 
post-irradiation annealed at 300°C for one hour and deformed 12% 
in compression at room temperature 
137 
Figure 44. Dislocation tangles in vanadium - 500 ppm 
oxygen single crystal, post-irradiation annealed 
at 400®C for one hour and deformed 5% in 
compression at room temperature 
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Figure 45. Dislocation channels in vanadium - 500 wt ppm oxygen single crystal, 
post-irradiation annealed at 300®C for one hour and deformed 12% in 




debris can be observed at X. A careful examination of the micrograph 
reveals denudation around the dislocations. This is seen more clearly 
in Figure 47 for V-300 sample, where the dislocations are lined along 
[OlT] or [11^ directions on a (111) plane. Here again the dislocations 
occur in groups and are nonuniformly distributed. Figure 48 shows a 
micrograph of V-500 sample deformed prior to irradiation as described 
above. Only a few dislocations can be observed (e.g., at A, B and C) 
but the denudation around the dislocations is much more apparent. 
Figure 49 shows a micrograph of V-95 sample deformed 5% at 77°K 
19 2 (liquid nitrogen temperature) irradiated to 1.4 x 10 n/cm (E>1 MeV) at 
95®C and examined. A comparison of Figure 49 with Figures 13a and 43, 
reveals many differences. Figure 13a shows material irradiated in the 
annealed condition and Figure 43 shows material deformed 5% at room 
temperature prior to irradiation. 
As against Figure 43, Figure 46 shows segments of dislocations dis­
tributed rather uniformly over the field of view. The average size of 
the defect clusters (which appear as fully developed loops) is larger in 
Figure 46 than in Figures 13a and 43. The temperature of deformation 
appears to have a major effect on the dislocation structure as the 
comparison of Figure 43 with 46 shows. The dislocations occur in groups 
lined along a few preferential directions in material deformed at room 
temperature (Figure 43) as against small segments distributed all over. 
Figure 49 shows a micrograph of a V-95 single crystal sample deformed 
5% in compression at 77®K (liquid nitrogen temperature), irradiated to 
1.4 X 10^^ n/cm^ (E>1 MeV) at 95®C, and thinned and examined. It is 
w 
Figure 46. Transmission electron micrograph of V-95 single crystal deformed 5% at 
room temperature and irradiated to 1.4x10^^ n/cmf (E>1 MeV) at 95®C 
Figure 47. Transmission electron micrograph of V-300 single crystal deformed 5% in 





Figure 48. Transmission electron micrograph of V-500 single crystal deformed 5% in 
compression at room temperature and Irradiated to 1.4x10^^ n/cmf (E>1 MeV) 
at 95*C 
Figure 49. Transmission electron micrograph of vanadium - 95 ppm oxygen single crystal 
deformed 5% in compression at 77®K and irradiated to 1.4x10^® n/cmf (E>1 MeV) 
at 95*C 
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interesting to compare Figure 49 (V-95 deformed at 77*K and irradiated) 
with Figures 46 (V-95 deformed at room temperature and irradiated) and 
13a (V-95 annealed and irradiated). These three photomicrographs appear 
together in Figure 50 for ease of comparison. We see that the defect 
clusters appear as fully developed loops in the material deformed at 77*K 
prior to irradiation (Figure 50a), whereas the defect clusters appear 
mostly as black spots in the room-temperature deformed and irradiated 
material (Figure 50b) and annealed and irradiated material (Figure 50c). 
It is also apparent from Figure 50 that the average size of the defect 
clusters is larger for the 77®K deformed material (Figure 50a) than for 
either the room-temperature deformed material (Figure 50b) or the annealed 
material (Figure 50c). Furthermore, there is a distinct difference be­
tween the dislocation structures in the 77®K deformed and room-temperature 
deformed materials. Figure 50a indicates that the slip dislocations are 
fairly uniformly distributed and are mostly wavy and convoluted in the 
material deformed at 77®K. By contrast, the slip dislocations in Figure 
50b are bunched together in tangles and appear to have stralghter segments 
in the room temperature deformed material. 
Figure 51 displays micrograph of V-500 deformed 5% at 77®K, irradiated 
and examined. The plane of the foil is (311) and the diffraction vector 
is [11?]. Here again, dislocation segments distributed over the field of 
view can be observed. The clusters appear to segregate along the dis­
location segments. The defect clusters are smaller in size than those in 
Figure 49. but a comparison with material irradiated in annealed condition 
(Figure 17a) shows an increase in size (average size 73 8 in Figure 17a and 
Transmission electron micrograph ef vanadium - 95 ppm oxygen single crystals in 
the following conditions (a) deformed 5% In compression at 77®K and irradiated, 
(b) deformed 5% in compression at room temperature and irradiated, and (c) 
annealed and irradiated 
Figure 51. Transmission electron micrograph of vanadium - 500 ppm oxygen single crystal 
deformed 5% in compression at 77*K and irradiated to 1.4x10^* n/cm^ (E>1 MeV) 
at 95*C 
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144 8 in Figure 51). 
The photomicrographs for V-500 material in the three conditions 
(deformed at 77®K and irradiated, deformed at room temperature and 
irradiated, and annealed and irradiated) are shown in juxtaposition in 
Figure 52. 
Figure 53 shows a size distribution curve plotted as percentage of 
defects in a size interval against the size in % for V-95 and V-500 de­
formed 5% at 77*K prior to irradiation. An increase in the peak size of 
the clusters in comparison to that for material irradiated in the 
annealed condition is apparent. The average size of the cluster is also 
indicated in Figure 53. 
{") 
Figure 52. Transmission electron micrograph of vanadium - 500 ppm oxygen single crystals in 
the following conditions: (a) deformed 5% in compression at 77®K and irradiated, 
(b) deformed 5% In compression at room temperature and irradiated, and (c) 
annealed and irradiated 
Figure 53. Size distribution curves for vanadium - 95 ppm oxygen and vanadium -
500 ppm oxygen single crystals in the following conditions: (a) 
annealed and irradiated and (b) deformed S% in compression at 77*K 
and irradiated 
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V. DISCUSSION 
A. Defect Clusters 
One of the major objectives of this study is to determine the in­
fluences of an interstitial impurity, namely 0)ygen, on the defect clusters 
observed in as-irradiated and post-irradiation annealed vanadium. Figures 
13, 15 and 17 show the TEM micrographs of vanadium containing 95, 300 and 
500 ppn oxygen, respectively. Table 4 and Figure 20 summarize the defect 
cluster densities, n, from which it is clear that the defect cluster 
density increases with increasing oxygen concentration. Figure 54 is a 
plot of n versus the concentration of impurities in as-irradiated material 
where the concentration refers to oxygen alone, 0+N+C and 0+N+C+H, using 
values given in Table 3 expressed in terms of atomic parts per million. 
It can be observed from Figure 54 that n is sensitive to the interstitial 
impurity content, particularly at the lower concentration levels. 
Defect clusters in irradiated vanadium have been observed by other 
authors also, although not as a systematic function of the interstitial 
impurities. A summary of the results of some of the other authors in 
addition to results of the present study is presented in Table 6 where 
the radiation variables (dose and temperatures), interstitial impurity con­
centrations reported, observed defect cluster densities and average size 
of the defect clusters are reported. It is difficult to compare the results 
of various investigators because of many differences in the radiation and 
material variables involved. 
The irradiation conditions êmpioyëu by Smldt (45), however, v/ere not 
Figure 54. Defect cluster density vs concentration of Interstitial Impurities for as-
Irradiated vanadium. Concentrations refer to oxygen alone, 0 + N + C 
and 0 + Ç + N + H In atomic ppm 
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Tabic! 6. Defect cluster density and average size In as-Irradiated vanadium 
Dose Irradiation Interstitial As-Irradiated Average Reference 
Item (n/cm2,E>l MeV) temperature Impurity Cone. defect cluster u 
CO (wt. ppm) density, "(m^) 
0 C N H 
A 1.0x10^® 55 112 57 3 3 3.7x10^6 29 Smidt (49) 
B 8.2x10^® 189-220 240 32 41 6 1.4x10^* 70 Shiralshi et 
al. (50) — 
C 1.0x10^® 50 190 38 5 15 4x10^5 'u 30 Shiralshi et 
al. (47) — 
D 2.4x10^9 70 190 38 5 15 5x10^6 'V. 30 Shiralshi et 
al. (47) — 
E 5.0x10^® 80 Unspecified 2.3x10^6 70 Elen (179) 
F 5.4x10^® 70 29 53 128 20 10^® - loJ? 25-50 Rau and Ladd 
(178) 
G (0.33-1.0)xl0^® 150-250 110 300 200 2x10^6 30 Bocek and Elen 
(73) 
H 1.0x10^® 250-350 110 330 200 2x10^5 30 BoBek and Elen 
(73) 
I 1.4x10^® 95 95 37 3 3 6.6x10^5 125 Present Study 
J 1.4x10^® 95 305 29 5 2 1.8x10^6 80 Present Study 
K 1.4x10^* 95 500 30 6 3 2.4x10^* 73 Present Study 
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greatly different than those of the present study. Smidt observed a 
defect cluster density of 3.6 x 10^® cm'^ and an average size of 29 R 
19 2 (Item A, Table 6) 1n vanadium irradiated to a dose of 1.0 x 10 n/cm 
(E>1 MeV) at 55®C. The chemical analysis of vanadium reported by Smidt 
(the vendor's analysis) was 112, 57, 3, and 3 wt. ppm of 0, C, N, and H, 
respectively, corresponding atomic concentrations for 0, 0+C+N and 
0+C+N+H of 357, 609, and 761 at. ppm, respectively. For these concentra­
is 
tlons. Figure 54 predicts a defect cluster density of about (8-9) x 10 
cm~^ and thus it appears that the defect cluster density observed by Smidt 
Is about 4 times higher than it to be expected from the vendor's analysis 
according to present study. 
It is worthwhile to pursue this matter further and compare the hard­
ness values reported by Smidt (49) and that of the present study. The 
diamond pyramid hardness of unirradiated vanadium reported by Smidt Is 
118 DPH as compared to about 57 DPH for unirradiated V-95 material of 
comparable purity (concentrations of 302, 470 and 622 at. ppm for 0, 
0+C+N, and 0+C+NfH, respectively) as shown in Figure 12. 
Bradford and Carlson (226) and Loria (227) have reported the dependence 
of diamond pyramid hardness on oxygen concentration. Bradford and Carlson's 
curve (Reference 226, Figure 2) of DPH as a function of oxygen concentration 
(other interstitial impurities at 150, 5 and 1 wt. ppm for C, N and H, 
respectively) predicts a value of about 60 DPH for material used by Smidt 
containing 112 wt. ppm oj^gen as compared to the observed value of 118 DPH. 
Loria (227) has reported the following equation 
DPH = 47 + 600 Cq + 790 C^ + 900 
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where C^, C^, and are the concentrations of 0, C and N, respectively, 
in weight percent. Applying this equation to Smidt's analysis of 112, 
57 and 3 wt. ppm for 0, C, and N, respectively, we obtain a hardness of 
58 DPH, again to be conyared with the reported value of 118 DPH. Using 
Loria's equation for V-95 material (analysis given in Table 3) we obtain 
a hardness of 56 DPH, which agrees with the value for 95 wt ppm oxygen on 
Bradford and Carlson's curve and the value of 58 and 60 DPH measured in 
the present study after post-irradiation annealing at 1000®C (Figure 12). 
The above brief discussion seems to indicate that the higher hardness and 
defect cluster density of Smidt's vanadium compared to those of the present 
study may be due to an actual impurity concentration of his vanadium which 
is higher than given in the vendor's analysis. 
The defect cluster densities observed by Shiraishi (46,50), Rau 
and Ladd (178) and Elen (179) are difficult to compare with the results of 
the present study because of differences in radiation conditions and purity 
of material. Shiraishi et a]_. (50) observed a defect cluster density of 
1.4 X lO^G cm"^ for a dose of 8.2 x 10^^ n/cmf (Item B, Table 6), which 
appears to be rather low for the dose used, but this may be due to the 
rather high irradiation temperature of 180-220°C. The defect cluster 
densities reported by Shiraishi et (46), Elen (179), Rau and Ladd (178) 
and Bocek and Elen (73) (Items C-H, Table 6) seem roughly consistent with 
the present work (Items I-K, Table 6), but no exact comparison can be made 
for the reasons stated above. However, the results of this study alone in­
dicate quite clearly that the differences in interstitial impurity con­
centrations are responsible in part for the variations in n values reported 
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in the literature for irradiated vanadium. 
Figure 19 shows that the average defect cluster size, tends to 
decrease with increasing oxygen concentration in as-irradiated vanadium. 
The increased density and decreased size of defect clusters with in­
creasing oxygen concentration points toward the influence of oxygen as the 
nucleating agent. Single oxygen atoms or small aggregates of oxygen atoms 
may act as nucleation sites for the formation of defect clusters. Since 
the number of nuclei is larger in higher oxygen material, the number of 
radiation-produced point defects per defect cluster is smaller and conse­
quently the individual defect clusters are smaller in size. It must be 
remembered, however, that the atomic density of defect clusters is con­
siderably lower than the atomic density of oxygen atoms. In fact, as shown 
in Table 7, the ratio of oxygen atoms to defect clusters increases from 
about 3000 for V-95 to 5000 for V-500 material. 
It is of interest to calculate whether sufficient number of point 
defects are expected to be produced upon irradiation to give rise to the 
observed defect cluster densities. It should be pointed out here that no 
attempt was made in this study to determine uniquely whether the defect 
clusters are of interstitial, vacancy or mixed nature. The determination 
of character of defect clusters requires a careful application of diffrac­
tion contrast theory and stereo microscopy. In certain cases ambiguous 
results have been obtained even in the best of circumstances. 
In neutron-irradiated copper, for example, some investigators (137,138, 
228,229) reported the clusters to be of vacancy type, while another group 
of investigators (230,231), using the same analysis technique, concluded 
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Table 7. Atomic densities of oxygen atoms, n , and defect clusters, 
n. As-irradiated condition 
" "o "o 
Purity (cm"^) (cm"^) 
V-95 6.6x10^® 2.18x10^* 3260 
V-300 1.77x10^® 6.95x10^* 3910 
V-500 2.36x10^6 1.15x10^° 4770 
that they are of interstitial nature. In still another case, both types 
of defect clusters were reported (232). For neutron-irradiated vanadium 
Elen (179) analyzed the defect clusters and concluded that the irradiation 
"results in a high density of arrays of presumably interstitial clusters 
of about 70 (see Item E, Table 6). Furthermore, after annealing at 
400-600*C, large vacancy loops lying on {111} planes with a Burgers 
vector of 1/2 a^ <111> were observed. Bocek and Elen (73), however, re­
ported that the damage consists of a mixed population of small vacancy and 
interstitial loops. Smidt (49) determined the nature of the loops in 
19 2 » 
vanadium irradiated to 1 x 10 n/cm (E>1 MeV) at 50®C and post-irradiation 
annealed at 600*C, using constrast and tilting experiments. He found the 
large loops to be of interstitial nature in agreement with Shiraishi et 
19 2 (46) for vanadium irradiated to 5 x 10 n/cm (E>1 MeV) and annealed at 
on o 
500"C or 550*C. However, in a specimen Irradiated to 1 x lOT" r^cm*" 
162 
(E>1 MeV) and annealed at 550*C, Shiralshl et al_. (46) analyzed the loops 
to be of vacancy nature. In short, then, we conclude that the determina­
tion of the nature of radiation-produced defect clusters are not con­
clusive in metals in general and in vanadium in particular. 
Although the nature (interstitial or vacancy) of defect clusters is 
controversial, it has been well established by various investigators (46, 
49,179) that the defect clusters in neutron-irradiated vanadium are 
prismatic {111}, 1/2 a^ «111> dislocation loops, presumably of circular 
shape. Assuming this, we may estimate the number of atomic sites (vacancy 
or interstitial) making up the defect clusters, by calculating the total 
areas of defect clusters per unit volume of the sample, A^, and dividing 
by the areal density of atoms on the (111) plane. 
The total area of defect clusters is given by 
where, as before, n^ and fj are density and fractional numbers, respect­
ively, of defect clusters in the size interval j centered at diameter d., 
V 
and j is the density of defect clusters of all sizes. A^ is tabulated 
in Table 4 and plotted in Figure 55. It can be seen that the values of A^ 
do not vary in a regular manner with oxygen concentration and, even upon 
annealing up to 400*C, A^ stays fairly constant at about (10 + 1) x 
10^ cm"^. The density of atomic sites on {111} planes is given by 
"A = . (34) 
Figure 55. Total defect cluster area 
annealing temperature for 
concentrations of oxygen 
per unit volume, AQ, VS post-irradiation-
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Taking a^ = 3.026 8 for the lattice parameter (226), we obtain 
p. = 6.3 X 10^* cm'^. The effective density, then, of vacancy or inter-
stitials making up all the defect clusters (assuming that all the defect 
clusters are of one type) is 
Pi-v " VA = G.3 X 10^8 cm"^ . (35) 
For a rough estimation of the density of displacements produced upon 
21 irradiation we may interpolate from El en's value (179) of 6.9 x 10 
displacements per cm^ for vanadium irradiated to 7.4 x 10^^ n/cmf (E>0 MeV) 
or 5.0 x 10^* n/cm^ (E>1 MeV) assuming a fission spectrum. For the dose 
19 2 
of 1.4 X 10 n/cm (E>1 MeV) used in present study, a displacement density 
21 3 
of 1.9 X 10 displacements per cm is deduced. Comparing this density 
with the one in Equation 35, we see that if only one displacement in 
(1.9 X lofT)/(6.3 X 10^®) = 300 contributes a vacancy or interstitial to 
the defect cluster, a sufficient area of defect clusters is produced to 
agree with the observed density and size distribution of as-irradiated 
materi al. 
The fact that in Figure 55 does not show any regular dependence on 
oxygen concentration can be rationalized by realizing that A^ is a measure 
of the nunter of radiation-produced point defects absorbed into defect 
clusters. Its value should not depend on the oxygen concentration, which 
has its major effect on the nucleation of the defect clusters. It is 
interesting to note that A^ does not begin to decrease upon post-irradia-
tion annealing until the annealing temperature of 500°C is reached even 
for V-95 (Figure 55), although the total defect cluster density, n, has 
o 
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already decreased at 400®C to 43% of Its maximum value (Figure 20) and 
the average defect cluster size, 3^, has already increased at 400®C to 
45% of its maximum value (Figure 19). This suggests that the reduction 
in n and the growth of defect cluster size d^ upon annealing up to 400°C 
occurs by the migration of point defects from the smaller to the larger 
defect clusters, without any significant annihilation at various sinks. 
An examination of Figures 19 and 20 reveals that the as-irradiated 
values of the total density (Figure 20) and average size (Figure 19) of 
the defect clusters persist to a higher temperature upon annealing as the 
oxygen concentration is increased. Thus, it can be seen in Figure 20 that 
n begins to decrease fairly rapidly at 400*0 for V-95 whereas 500*C is 
required for extensive annealing of V-500 material suggesting that oxygen 
tends to stabilize the defect clusters and that greater amounts of oxygen 
are segregated at the defect clusters in the higher oxygen material. The 
total line length of the defect clusters per unit volume is given by 
Lc " * " ^c " (36) 
Table 4 and Figure 56 give for as-irradiated and post-irradiation 
annealed materials. is equal to 2.9 x 10^®, 4.3 x 10^^ and 5.5 x 10^® 
cm'^ for V-95, V-300 and V-500 materials, respectively, in the as-irradiated 
condition whereas the corresponding total densities of oxygen atoms (Table 
7) are 2.2 x 10^®, 7.0 x 10^® and 11.5 x 10^^ oxygen atoms per cmf. This 
corresponds to the number of oxygen atoms per A of dislocation loop length 
of about 8, 16 and 21 for V-95, V-300 and V-500, respectively. Considering 
the distance between atoms along the dislocation loop lying on a (111) plane 
Figure 56. Total defect cluster loop length, Lç vs post-irradiat1on annealing 
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with Burgers vector np [111] to be equal to the interatomic distance 
along <nO>, i.e., / Z a^ = 4.28 8, the number of oxygen atoms available 
per atom along the dislocation line is 33, 70 and 91, respectively. This 
indicates that more oxygen is available per unit length or per atom along 
the dislocation loop in the higher oxygen material, which might well be 
responsible for the increased stability of defect clusters against 
annealing with increased oxygen content. 
B. Radiation Hardening 
The effects of neutron irradiation on the strength of vanadium con­
taining various amounts of oxygen was determined by using lower yield stress 
measurements on pôlycrystalline samples and indentation hardness measure­
ments (diamond pyramid hardness) on single crystal samples. The single 
crystal samples were prepared from the same material as was used for defect 
cluster density and size distribution studies described above. 
Figure 57 summarizes the results of various studies on lower yield 
stress values as a function of oxygen concentration for unirradiated 
vanadium polycrystals. The numbers adjacent to the plotted points refer to 
the items in Table 8, which gives information concerning the chemical 
composition, grain size, strain rates and yield stresses reported in the 
literature and from the present study. It is seen that the values do not 
correlate generally with oxygen concentrations since so many other variables 
are also involved. Some attempt was made to correct for grain size and 
strain rate, realizing that such corrections can only be approximate. For 
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Figure 57. Yield stress vs oxygen concentration for unirradiated vanadium reported 
by various investigators 
Table 8. Yield stresses for room temperature tests on vanadium polycrystals in the unirradiated 
condition 



















0 N C H 
1 60 1-6 30-40 2-8 0.024 1.67 11.6 10.3 This study 
2 205 2-6 50 10-12 0.142 1.67 12.8 12.8 This study 
3 640 2-6 60-80 15-18 0.146 1.67 19.8 19,8 This study 
4 b 20 16 <10 b 0.47 b Elssner and 
Horz (232) 
5 14 2 9 'u 0.381 1.67 4.0 4.2 Alexander and 
Carlson (233) 
6 66 2 9 0.145 1.67 10.7 10.7 Wechsler et 
al. (71) — 
7 660 2 9 9.145 1.67 21.3 21.3 Wechsler et 
al. (71) — 
8 90 10-30 <5 not given 1.0-1.2 5.6 5.6C Arsenault .and 
Pink (70)d 
^Corrected for grain size and strain rate; see text. 
^Various oxygen concentrations employed; see text 
^Corrected for strain rate only. 
^Compression tests. 
Table 8. (Continued) 
(1) (2) (3) (4) (5) (6) (7) 
Item Interstitial Impurity Grain Strain Yield Stress Yield Stress Reference 
no. concentration size rate _ as measured corrected® 
(wt ppm) (mm) (10-4 sec"') (kpsi) v^psi) 
0 N C H 
9 300 130 < 5 not given 1.0-1.2 13.6 13.7C Arsenault .and 
Pink (70)d 
10 240 41 32 6 0.016 2.83 26.8 23.3 Shiraishi et 
ai. (50) — 
11 190 5 38 15 0.038 2.83 17.6 16.3 Shiraishi et 
al. (50) 
12 430 3.5 50 21 0.038 2.83 40.0 37.2 Shiraishi et 
al. (50) ~ 
13 136 95 166 7 < 0.120 0.83 38.0 > 37.3 Smolik and 
Chen (48) 
14 586 78 77 < 1 0.120 0.83 26.5 25.7 Smolik and 
Chen (48) 
15 240 340 530 0.150 2.55 22.7 21.2 Bocek et al. 
(47) 
16 no 200 330 0.050 2.55 16.3 15.3 Bocek and 
Elen (73) 
17 266 320 520 9 0.174 3.3 34.7 34.0 Venetch et 
al. (84)"~ 
173 
° ~ (37) 
was used, where a is the yield stress, and are constants and dg is 
one-half the grain diameter. If d^ and dg are the dg factors for a given 
material, then the corresponding yield stresses are related by 
"2 - "1 ° "y • (38) 
For tests at 273®K, as a function of oxygen concentrations is 
given by 
ky = A C* + B (39) 
according to Loria, Keith and Rowe (234) who studied the effect of 0, N 
and C on the tensile properties of vanadium of various grain sizes. A 
in above equation was found to be 4.73 kpsi cm'^^^ per wt percent oxygen, 
B = 0.049 kpsi cm'^^^, and is the concentration of oxygen. Thus, equa­
tions 38 and 39 were used to correct for grain size differences. The 
strain rate corrections were made using the following relation 
In = S In (40) 
oi e, 
where and og are yield stresses corresponding to strain rates and êg» 
respectively, and S is the strain rate sensitivity parameter. Carlson and 
Alexander (235) reported a value of S = 0.0237 for room temperature tests 
on vanadium containing 264 wt. ppm oxygen. This value was used, assuming 
thai uiê strain rate sensitivity is independent of oxygen concentration at 
the levels shown in Table 8. Using Equations 38 and 40 we corrected the 
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as-measured yield stresses in Table 8 to values appropriate to a grain 
size of 0.144 mm (the grain size for our V-205 and V-640 material; see 
Table 2) and our strain rate of 1.67 x 10"* sec'^. It is seen in Table 
8 that the corrections to the yield stress values due to differences in 
grain size and strain rates are not very large, and the wide variations 
in yield stress values shown in Figure 57 still remain. 
Elssner and Horz (232) studied the effect of nitrogen and oxygen on 
the yield stress of electro-refined vanadium obtained from U.S. Bureau of 
Mines, Boulder City, Nevada. This is the same source as for vanadium 
used in the present study (See Chapter III). They obtained the relation­
ship for room temperature tests 
a(kg/mm^) = 5.0 + 52.0 C^ (at. %) + 50.0 C^ (at. %) (41) 
where and C^ are the concentrations of nitrogen and oxygen, respectively. 
After a recrystallization anneal their vanadium contained 20 wt ppm nitro­
gen. Substituting this value and converting hield stress into kpsi, the 
following relation is obtained for yield stress as a function of oxygen 
concentration: 
o(kpsi) = 7.2 + 0.0222 C^ (wt ppm) . (42) 
The above relationship is plotted in Figure 57. 
The yield stress values obtained in the present study are also plotted 
in Figure 57 (points 1, 2 and 3). Points 2 and 3 refer to samples with a 
grain size of about 0.144 mm, whereas the sample for point 1 had a grain 
5iZc of 0.024 (Tsbis 2). Correcting the yield stress of V-60 for grain 
size in the manner described above results in a value of 10.3 kpsi (from 
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11.6 kpsi), which falls on a straight line with points 2 and 3 as shown 
in Figure 57. This line agrees well with the one obtained by Elssner and 
Horz (232). The small differences may be due to differences in concen­
trations of impurities other than oxygen, or to differences In grain 
structure. Elssner and Horz report that their material had an "almost 
ideal bamboo structure" with specimen axis along <110> , whereas our 
samples had an equlaxed grain structure. 
The yield stress values as a function of neutron irradiation for 
polycrystalline material Investigated by various authors are summarized 
in Table 9 for comparison. It is seen that the radiation hardening 
observed by various investigators varies extensively. BoHek et (47) 
studied the dose dependence of the yield stress of vanadium containing 
fairly high interstitial contents (Item 15, Table 8) and also 3000 wt 
ppm yttrium, which is expected to act as an internal getter for inter­
stitial impurities. They observed an increase In yield stress upon 
irradiation which varied as the square-root of the dose for irradiations 
carried out at 150-250*C (see Figure 58). It should be noted that the 
irradiation temperatures were In the range where radiation-anneal hardening 
takes place, as seen In Figures 9, 10 and 12. , Bocek and Elen (73) studied 
the dose dependence of radiation hardening, again at 150-250*0 In vanadium 
containing somewhat lower concentrations of interstitial impurities (Item 
16, Table 8) but without any yttrium addition. The yttrium-free material 
exhibited less radiation hardening than material containing 3000 wt ppm 
I 
yttrium (Figure 58). The present work (Figures 9, 10 and 12) indicates 
that radiation hardening increases with increasing oxygen concentration. 
Table 9. Effect of Irradiation on the yield stress of vanadium polycrystals. Room temperature 
tests. Various Investigations^ 
Oxygen Dose Irradiation Yield Item No., Reference 
Concentration o Temperature Stress Table 8 
(wt. ppm) (10 n/cm ) (®C) (kpsi) 
60 0 11.6 1 This study 
1.4 105 23.6 
205 0 12.8 2 This study 
1.4 105 29.7 
640 0 19.8 3 This study 
1.4 105 40.3 
66 0 10.7 6 Wechsler et al. (71) 
1.5 85 25.5 
660 0 21.3 7 Wechsler et al. (71) 
1.5 85 42.5 
90 0 5.6 8 Arsenault and Pink 
2 60-100 20.6 (70) 
300 0 13.6 9 Arsenault and Pink 
2 60-100 35.2 (70) 
240 0 26.8 10 Shiralshi et al. (50) 
8.2 180-220 46.5 
190 0 17.6 11 Shiralshi et al. (50) 
0.02 70 20.2 
^Doses and yield stresses are taken from published plots In most cases and are approximate. 
Table 9. (continued) 
Oxygen Dose Irradiation 
Concentration i q  « Temperature 
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Figure 58. Increase In yield stress upon Irradiation, Aa, vs square root of 
Irradiation dose, reported by various investigators 
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It appears that the effective Interstitial Impurity concentration in 
vanadium containing 3000 wt ppm yttrium studied by Bo?ek et (47) was 
reduced due to yttrium, as expected. It is seen in Figure 58 that, in 
general, the radiation hardening observed by various investigators shows 
wide variations which are attributed to the differences in material 
(purity, grain size and structure, prior heat treatments) and radiation 
(dose, flux, irradiation temperature) variables. 
Figure 59 shows the Increase in yield stress as a function of square 
root of oxygen concentration (in wt ppm) and the square root of the sum of 
oxygen, nitrogen and carbon concentration (in wt ppm) for our V-60, V-205 
and V-640 polycrystalline material. The increase in radiation hardening 
with increasing interstitial impurity concentration is evident from this 
figure. 
Similar measurements of radiation hardening were made by measuring 
indentation hardness upon irradiation in single crystàl material containing 
95, 300 and 500 wt ppm o)wgen. Figure 50 is a plot of results obtained. 
It is seen, again, that radiation hardening increases with increasing 
Impurity concentration. Figure 60 also shows results obtained by Smidt (49) 
upon irradiation to 1 x 10^* n/cm^ (E>1 MeV) at 55®C. It was stated above 
that the hardness value of 118 DPH observed for unirradiated material seems 
to indicate a higher interstitial impurity concentration than given in the 
vendor's analysis. Nevertheless, the increase in hardness upon irradiation 
was only 18 DPH, which seems consistent with the oxygen concentration of 
112 wt ppm (see Table 6) in comparison to our results. In Figure 60 a point 
is also plotted which shows Smidt's observation corrected for difference in 
Figure 59. Plot of increase in yield stress upon irradiation, AA, vs square root 
of Interstitial concentrations for polycrystalline vanadium. Con­
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dose In his irradiation (1.0 x 10^® n/cm^) and ours (1.4 x 10^^ n/cm^) 
using a power hardening dependence as indicated by Bocek et (47) 
and shown in Figure 58. It may be fortuitous that Smidt's AH value 
agrees so well with the value obtained in the present study, since his 
measurements were carried out on 0.002 in. (0.051 mm) thick foils using 
a 50 gram load, whereas we used 0.5 mm thick samples and a 1 kilogram 
load. Furthermore, the vendor's analysis indicated 57 wt ppm carbon for 
Smidt's material compared to our carbon contents of 37, 29 and 30 wt ppm 
for V-95, V-300 and V-500 material, respectively (see Table 3). 
In order to correlate radiation hardening with defect cluster density 
and size distribution, Smidt (49) has used the following empirical formula 
relating increase in hardness, AH, and increase in yield stress, ûo, upon 
irradiation: 
— = 3.0 G = 2.1 —^ . (43) 
La kg/mm kpsi 
Interpolating from Figure 59 we find that La - 14.0, 18.2 and 19.7 kpsi 
for V-95, V-300 and V-500 material, respectively. The observed AH values 
for the three materials (Figure 60) were 18.5, 34.8 and 38.5 DPH, re­
spectively. Thus, we deduce values of AH/AO of 1.3, 1.9 and 2.0 DPH/kpsi 
to be compared with Smidt's value of 2.1 DPH/kpsi. We applied the small 
correction to allow for differences in dose for our yield stress measure-
19 2 19 2 
ments (1.2 x 10 n/cm ) and hardness measurements (1.4 x 10 n/cm ) using 
the dependence. This reduces the AH/AO values by a factor of 
(1.2/1.4)^/^ to 1.2, 1.76 and 1.85 DPH/kpsi for V-95, V-300 and V-5Û0 
185 
respectively, which Indicates that the values for the ratio AH/Ao for 
V-300 and V-500 are less by about 15% than Indicated by Smidt's (49) 
empirical relation in Equation 43. 
C. Strain Aging 
There are two theories most generally accepted which explain strain 
aging in b.c.c. metals. The first one is the "dislocation locking theory" 
proposed by Cottrell and Bilby (207) according to which the solute atoms 
pin the dislocation, until under the applied stress the dislocations break 
away from the solute atmosphere, resulting in increased nund>er of mobile 
dislocations and leading to the observed yield point. The other theory 
due to Johnston and Gilman (208) was extended to b.c.c. metals by Hahn 
(209). It is called "dislocation multiplication theory" whereby the dis­
locations surrounded by the solute atmosphere remain locked and the yield 
point is the result of rapid multiplication of mobile dislocation and the 
stress dependence of dislocation velocity. Either of the two theories can 
explain the observed results, since the main point of Interest is the 
pinning of dislocations by the solute atoms. 
In Table 5, the times for reappearance of yield drop have been listed 
for unirradiated and irradiated samples. It can be observed that the time 
for reappearance of yield drop decreases with Increasing oxygen for both 
unirradiated and irradiated material. According to the Cottrell-Bilby 
theory, the number of solute atoms migrating to the dislocations is pro­
portional to t?/3, where t is the time for reappearance of yield drop. The 
Cottrell-Bilby theory prêulcts 
186 
N (t) = Ng (44) 
where N(t) is the number of solute (oxygen) atoms segregated per unit 
3 length of dislocation line. is the number of solute atoms per cm , 
D is the diffusion constant, k and T are Boltzmann's constant and tempera­
ture of anneal in ®K, respectively, c is related to the strength param­
eters and is given by 
c = Y G b G r^ (j^) (45) 
where G is the shear modulus, b is the Burgers vector, v is Poisson's 
ratio, r is the radius of the solvent atom and r(l+e) that of the solute 
atom. 
c can also be expressed as 
c = ivGb (^ ) (46) 
as suggested by Szkopiak and Eliasz (236), where Av is the change in 
lattice volume due to presence of interstitial atoms. At a particular 
aging temperature, N(t) is proportional to For the validity of 
the Cottrell-Bilby theory, should be constant for the three types of 
vanadium samples. Table 10 lisfer^t^/? values for unirradiated and 
irradiated vanadium, where t at 175®C Is the time for reappearance of the 
yield drop. 
From Table 10 it can be seen that for unirradiated vanadium of 
three oxygen contents is fairly constant as predicted by the Cottrell-Bilby 
theory. N^t^^ for Irradiated material is also reasonably constant. 
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Table 10. values for irradiated and unirradiated vanadium 
Sample 





1.24 X lOT" 
2.03 X LOFI 
1.4 X LO^I 
1.67 X LO^Z 
3.90 X LO^Z 
2.15 X LO^Z 
The unirradiated low oxygen material was prepared In a separate 
batch. It contained 37 wt. ppm oxygen and had an average grain diameter 
0.113 mm. 
The variations may be due to variations in the dislocation structure 
caused by the presence of dislocation channels. 
Before explaining the reasons for delay in the reappearance of yield 
drop in the irradiated material, let us calculate the number of atoms 
segregating per dislocation line giving rise to the yield point. An 
average value of can be taken as 1.6 x lO^^cm'^sec^^^ for un-
1rradi ated materi al. 
-17 The values for factors D, G, B, v and AV were taken as 8.79 x 10' 
cm^/sec at 175®C, 4.76 x 10^ kg/mm^, 2.62 8, 0.36 and 4.6 x 10"^*cm?, 
respectively, AV was calculated using the Bradford and Carlson (226) 
lattice parameter for vanadium containing oxygen, extrapolating to the ratio 
of interstitial to vanadium atoms equal to 0.5 or 33.3 at % oxygen. Substi­
tuting the above factors in Equation 44, one arrives at the value of 
3.85 x 10° atoms segregating per cm of dislocation line or 0.0365 atoms 
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per If we consider atomic spacing along the line to be equal to 
b = 2.62 A, then we have 0.038 x 2.62 = 0.1 atoms per atomic spacing, or 
one atomic site in ten is occupied by oxygen, which give rise to yield 
drop. Although this nundaer appears quite low, the observations made by 
Bradford and Carlson (226) on strain aging at 175*C agree reasonably well 
with our observations. They observed a reappearance of the yield drop in 
vanadium containing 265 wt. ppm oxygen in 5.4 minutes, which corresponds 
to a 0.18 segregated atoms per atomic spacing. 
The retardation in reappearance of yield drop caused by neutron 
irradiation is quite clear from Table 5 and Figures 25-27. It is con­
cluded that the retardation is caused by the migration of oxygen atoms at 
first to the radiation-produced defect clusters where they are trapped. 
The oxygen atoms migrate to dislocations only after the defect clusters be­
come saturated and therefore the oxygen atoms participate in the strain-
aging later than in unirradiated material. A question arises here as to 
the distance that an oxygen atom has to be moved to reach a defect cluster 
or a dislocation. From the single crystal TEM observations extended to 
polycrystalline specimens, the volume density of defect clusters can be 
approximated, and therefore the spacing between the defect clusters 
S' = (l/n)T/3 can be calculated. Table 11 lists the approximate cluster 
density and calculated cluster spacings for the three materials obtained 
from extrapolation of density values of a single crystal material annealed 
at 200°C. 
To determine the sp&cing between dislocations, the number density of 
the dislocation should be known. In b.c.c. metals the dislocation density 
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Table 11. Inter-cluster spacing in irradiated vanadium 
Material n = Volume density Spacing between 
(cm'^) clusters S' = (1/n)^^^ 
(B) 
Vanadium-60 ppm oxygen 5.4 x 10^® 
Vanadium-205 ppm oxygen 1.28 x 10^® 




increases with increasing interstitial content as shown by Kothe (212) in 
tantalum, by Ke (237) in niobium and Thomas and Leak (238) in alpha iron. 
In the experiments described here, the yield drop in the material with 
higher oxygen content occurs at lower strain than in material with low 
interstitial content. This effect thus counteracts the effect of in­
creased density of dislocations due to increased Interstitial content. A 
representative density in b.c.c. metal at the strain under consideration 
here can be taken as 10® to 10^® cm"^ implying an average spacing between 
dislocations of about 1000 to 3200 R, which is larger than the spacing be­
tween defect clusters (Table 7). The dislocation densities of 10® to 10^® 
are overestimates because large regions of the irradiated and deformed 
material are expected to experience little strain due to the influence of 
dislocation channeling. Therefore it can be assumed that oxygen atoms 
migrate to the defect clusters first (since a smaller number of jumps is 
required te reach the defect clusters), where they are trapped and do not 
participate in strain aging until the defect clusters are saturated. It can 
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be shown that all the oxygen available in the samples does not get 
trapped, because if this did occur, the yield drop would not return. 
Cochardt et (239) have predicted that the number of atoms that an 
edge dislocation can accommodate per atomic site for carbon in alpha iron 
is 8. Assuming the same value for oxygen in vanadium, one can calculate 
the amount of oxygen required to saturate all the defect clusters In the 
three kinds of material, knowing the average defect cluster diameter. 
The average defect cluster or dislocation loop diameter extrapolated from 
single crystal observations (on samples annealed one hour at 200*C) are 
155 8, 94 8, and 70 8 for V-60, V-205 and V-640 materials, respectively. 
The amount of oxygen required to saturate these clusters is calculated 
to be 112 at. ppm, 161 at. ppm and 234 at. ppm, respectively, and the 
fractions of oxygen removed are 0.59, 0.25 and 0.12, respectively. From 
this It can be concluded that there is more than enough oxygen available 
to pin the dislocations after the defect clusters or dislocation loops 
have been saturated. The times during which the trapping occurs are 
1.6 X 10^ sec, 5.6 x 10^ sec, and 3.30 x 10^ sec for V-60, V-205 and V-640 
materials, respectively (these times are the cumulative times of annealing 
before yield drop reappears). It is clear from the above that the time 
required to remove 112 at. ppm oxygen from V-60 material Is much longer 
than that required to remove 234 at. ppm oxygen from V-640 material. This 
is In a qualitative agreement with results of Mcllwain et (83), which 
show that the annealing time required at 175®C to precipitate a given amount 
of oxygen decreases with increasing oxygen concentration. 
In the bottom portions of Figures 25-27 the true stress - true strain 
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curves for irradiated V-60, V-205 and V-640 materials are shown. A care­
ful examination of these curves shows that in the first few steps of de­
formation (before the time for the reappearance of yield drop) there is 
softening of the material (flow stress decreases in the next loading 
after annealing). 
The softening continues to more deformation steps in V-60 than in 
V-205 and V-640 material. The softening can be explained on the basis of 
dislocation channeling. In the initial stages of deformation, the channels 
play an important role. The deformation occurs by the process of widening 
of the channel, until they become saturated with dislocations. These dis­
locations give rise to a back stress so that no new dislocations can glide 
in the channels and new channels form. In case of V-640 materials the dis­
location density is high; therefore the channels saturate sooner than for 
the other two materials. Once the yield drop reappears, dislocation pinning 
and unpinning predominate over channeling. The load-unload-anneal-reload 
experiments should not be confused with radiation-anneal hardening experi­
ments. In the latter case the role of channeling is nonexistent, since the 
lower yield stress upon first loading is measured. 
Figures 28-30 show the true stress - true strain curves for isochronal 
anneals. The top portions of Figures 28-30 show the behavior of unirradiated 
material. There is a general recovery which sets in at about 450-500°C 
(0.32-0.34 T^) in all the three materials and the yield drop is lost. This 
recovery can be explained to be due to oxygen going back into solution and 
leaving the dislocation sites, and also to annihilation of dislocations 
themselves as a result of formation of attractive junctions, which causes a 
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reduction of dislocation line length. Similar observations have been made 
by Stephens and Form (210) in tungsten at about 0.34 T^. 
The behavior of irradiated material is not so easy to explain. There 
appear to be three distinct regions: 150 to 300°C, 300 to 500°C, and 500°C 
and above. The recovery stage about 500®C is similar to that observed for 
unirradiated material. The first region is characterized by appearances 
of yield drops, although they are not very well defined in the case of the 
two low interstitial alloys. In this region the oxygen is being trapped by 
defect clusters and dislocations giving rise to yield drops. At the tempera­
tures where clear yield drops are observed in V-200 ppm oxygen and V-640 
ppm oxygen, the oxygen has enough mobility to reach dislocations and pin 
them. 
The region between 300°C and 500°C, where stress drops and then in­
creases until the third stage sets in, is a result of many processes occur­
ring simultaneously and it is difficult to separate their contributions. It 
will suffice here to point out the processes that may contribute to this 
stage. They are: 1) trapping of oxygen by defect clusters, 2) segregation 
of oxygen at dislocations, 3) redissolution of oxygen in the matrix, 4) re­
duction in the number density of dislocation clusters, 5) recovery of poly-
gonization, 6) annihilation of dislocations, and 7) dislocation channeling. 
The effect of prior strain on strain aging in irradiated material is mani­
fested in Figures 31-33. In Figure 31 it is seen that a prior strain of 
about 3% followed by a 175°C anneal for 2 hr produces a yield drop only in 
the V-640 sample and not in the other two. It is contended that 2 hr at 
175°C is sufficient time for oxygen to saturate the defect clusters (not 
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annihilated by dislocation channeling) in V-640 and migrate to dislocations 
and effectively pin them. Besides, the V-640 sample will have higher dis­
location densities than the other two materials. Therefore oxygen atoms 
have to make fewer jumps to reach the dislocations because: (a) the distance 
between oxygen atoms is shorter (b) the dislocation density is higher. 
It can be seen in Figure 32 that at 6% strain V-205 samples also ex­
hibit a yield drop after 175°C anneal for 2 hr, since now the density of 
defect clusters is reduced (due to annihilation by dislocation channeling) 
and the density of dislocations is increased. Therefore, oxygen atoms 
had enough time to saturate the remaining defect clusters. V-50 material 
does not show a well-defined yield drop for the same treatment. 
Figure 31 (bottom) shows that a second anneal of 6 hr at 175°C for 
the V-60 sample produced an increase in flow stress even after a prior 
strain of 3%. This is due to the migration of oxygen to defect clusters 
causing strengthening (RAH). Similar behavior is observed for V-205 and 
V-640 in Figures 31-33. Figure 31 shows the stress-strain curves upon 
instant reloading of samples. The experiments were performed to see if the 
Haason-Kelly (240) effect was present. The same experiments were done 
on unirradiated material (not shown here). There was no evidence of the 
Hasson-Kelly effect in vanadium. Some of the results of strain aging in 
irradiated vanadium have been presented by Wechsler and Bajaj (225). 
D. Dislocation Channeling 
As has been described in Chapter II, the term "dislocation channeling" 
refers to the prccGSS cf rsr%;val of radiation-produced defect clusters by 
subsequent plastic deformation. Figures 36-38 show the dislocation channels 
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in vanadium containing 95, 300 and 500 ppm oxygen, respectively. In 
general, no major differences were evident in dislocation channels in 
vanadium containing 95-500 ppm oxygen. 
Dislocation channels and inhomogeneous deformation of irradiated 
crystals have been reported previously, in particular in refractory b.c.c. 
metals by Tucker et al_. (67,191) in niobium and Huang and Arsenault (192) 
and Shiraishi et (50) in vanadium. In the present study, dislocation 
channels have been observed in vanadium independent of the oxygen content, 
which is in agreement with the results of Huang and Arsenault (192). Fig­
ure 36 shows a typical channeling phenomenon in V-95 material where the 
channels are essentially devoid of the defect clusters. At the channel 
intersections, however, one can observe dislocation tangles. The dis­
location tangles are not only present at the intersection of the channels, 
but within the channels as well, independent of the oxygen concentration 
as is evident in Figures 37-39 for V-300, V-500 and V-95, respectively. 
The dislocation density within the channels generally increases with in­
creasing oxygen content and the thickness of the foil under observation. 
This is also in agreement with results of Huang and Arsenault (192). 
Figure 36 shows an interesting feature. In the center of Figure 36 and 
at the right hand bottom one can see intersecting channels with offsets. 
The offsets provide some measure of the amount and direction of the shear 
displacement produced by the dislocation producing the channels. At the 
intersection in the center of the figure, the offset is about half the width 
of channel (1500 8) in the [lib] direction, and at the bottom right it is 
about the width of the channel running from top to bottom. These offsets 
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correspond to about 1-2 dislocations moving along the channels per atomic 
plane, which is in agreement with estimates provided by Sharp (188) and 
Tucker et (67,191) in copper and niobium, respectively. 
The concentration of the strain within the channel results in the 
coarsening of slip lines observed on polished surfaces of irradiated metals, 
as is seen in Figures 34 and 35 in vanadium. Tucker et (67,191) have 
shown from the observation of channel boundary intersections that, although 
the strain is inhomogeneously distributed as a whole in irradiated metals, 
the strain within the channel Is distributed uniformly. Although no such 
intersections were observed in the present study, the rather uniform width 
of a given channel and also the constancy of the width on both sides of the 
intersection suggest that the strain is distributed uniformly and that the 
source of dislocations producing the slip dislocations is the same and no 
new source operates at the intersection of the channels. The intersections 
of channels in Figure 37 do not reveal offsets very clearly. This is due 
to the fact that the channel plane is not perpendicular to the electron 
beam direction. This also is the reason why the channels do not appear 
completely cleared of the radiation-produced defect clusters. Another 
reason for the apparent absence of the offset may be the similar magnitude 
of the strain associated with the intersecting channels. 
Dislocation channeling has also been observed in post-irradiation 
annealed samples in the present study. Tucker et (67,191) concluded 
that in niobium, post-irradiation annealed for two hours in the temperature 
range near 400°C where maximum radiation anneal hardening is observed, there 
is little evidence of dislocation channeling and considerable dislocation 
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structure in regions rich in defect clusters. The decreased tendency 
for dislocation channel formation was taken as evidence that post-
irradiation annealing in some way makes the removal of defect clusters 
more difficult by slip dislocations. Tucker et al. (191) suggested that 
interstitial impurities migrate to radiation-produced defect clusters 
during annealing, strengthen them and cause the slip dislocations to bow 
around the defect clusters instead of breaking through them. In the 
vanadium used in this study, however, dislocation channels were observed 
in the post-irradiation-annealed condition (annealed at 300°C and 400°C) 
independent of oxygen content. The essential differences between channels 
in post-irradiation-annealed and as-irradiated material are that for the 
post-prradiation-annealed material: (a) channel walls are not well defined, 
(b) there are many more tangles and dislocations inside the channels, and 
(c) defect clusters were observed inside the channels. The above three 
observations can be explained on the basis that the defect clusters in the 
post-irradiation-annealed material are relatively strong and provide more 
resistance to slip dislocations during their passage through the matrix. 
The dislocations get pinned at the defect clusters resulting in tangles or 
move around them leaving the defect clusters inside the channels. During 
the observation of dislocation channels caution should be exercised in 
choosing the area for observations. As an example, one may erroneously 
conclude from Figure 44 that there are no dislocation channels in the material 
and only dislocation tangles are present. The area under observation shows 
many tangles and no well-defined channel denuded of defect clusters. Qther 
areas in the same sample, however, show channels which are relatively well 
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defined. The presence of dislocation channels in post-irradiation-annealed 
vanadium is in agreement with the observations of Shiraishi et (50) 
who observed channels in vanadium post-irradiation annealed at 400°C. 
Figure 40 shows a dislocation channel in irradiated vanadium deformed 
at liquid nitrogen temperature. The channel appears to have a wedge shape 
and the inside of the channel is cleared of the defect clusters. However, 
the channel wall is not well-defined and some clusters can be observed 
inside the channel at the top left-hand side. The width of the channel in 
V-95 deformed a: 77°K appears to be larger than in the same material de­
formed at room temperature. However, Sharp (188) has found the reverse to 
be true for copper. No explanation can be given for this effect at the 
present time because of lack of available information. 
In the process of formation of dislocation channels the most important 
step is the elimination of defects by glide dislocations. Various mechanisms 
have been proposed for this event. The following mechanisms are worth 
consideration: 
a) Sweeping of the defect clusters 
b) Annihilation of defects by anti-defects 
c) Elimination by dislocation-cluster interaction 
d) Annealing of the defect clusters by heat of plastic deformation. 
The mechanism of sweeping of the defect clusters by dislocations in a 
manner of a snowplow can be rejected for the case of channels in irradiated 
vanadium since the concentrations of defect clusters near the wall of the 
channels is about the same as in the matrix. 
The annihilation of defect clusters by anti-defects involves generation 
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of defects of opposite nature by moving dislocations (vacancies.if the 
defect clusters are interstitial loops and vice-versa). This mechanism 
is unlikely in view of the observation by Sharp in which dislocation 
channeling was observed in copper deformed at 4°K where atomic diffusion 
is minimal. In the present case, channels were observed in irradiated 
vanadium deformed at liquid nitrogen temperature as shown in Figures 40 
and 41. 
Various mechanisms have been proposed by which the slip dislocations 
interact with the defect clusters (dislocation loops), incorporate them 
into slip dislocations, convert them to glissile configuration or alter 
the shape to facilitate elimination. If the dislocation loop and the slip 
dislocation have the same or opposite Burgers vectors, the loop can be 
partially incorporated into the slip dislocation by a mechanism proposed 
by Saada and Washburn (203). However, not all the loops will have Burgers 
vectors in the favorable orientations was pointed out by Sharp (188). 
Strudel and Washburn (205) have proposed another mechanism of interaction 
of dislocation loops with moving dislocations in f.c.c. metals. Foreman 
and Sharp (204) have also proposed a mechanism for f.c.c. metals which is 
shown in Figure 5 in Chapter II. 
A mechanism of elimination of defect clusters by heat of deformation 
has been proposed by Tucker et (191). According to this mechanism the 
defect clusters can be eliminated by the local heat produced by the in-
homogeneous deformation. It has been said above that the shear strains 
produced during the channel formation are of the order of 1.8. The increase 
in temperature during plastic deformation can be calculated knowing the shear 
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stress and shear strain and assuming adiabatic conditions. The calculated 
temperature rise for V-500 is about 110°C. For example, for V-500 material 
2 
the shear stress x can be approximated as 32.6 Kg/mm . Assuming that on 
the average 1.5 dislocations operate per plane, then the shear strain y 
produced is 1.5 x /3 / /2 since b = y^(a/2) and {110} spacing is v^a/2 
where a is the lattice parameter. The energy of plastic deformation per 
unit volume is then 
EpD = TY = 32.6 Kg/mm^ = 76 cal/cm^ . 
Vanadium has a specific heat of about 0.116 cal/g.deg (241). 
Therefore, under adiabatic conditions the temperature rise would be 
110°C if all the energy of plastic deformation converted to heat. This 
increase of 110°C above room temperature is insufficient to cause the 
annihilation of defect clusters within the channels. However, the above 
calculation assumes that the energy of plastic deformation is distributed 
uniformly among all the atoms in the channels. If one assumes that the 
energy is dissipated under adiabatic conditions among the atoms in a volume 
in the proximity of the defect clusters comprising a fraction of the volume 
of atoms in channel, the local increase in temperature would be enough to 
anneal the defect clusters. For example, assuming the fraction to be one 
tenth, the rise in temperature would be about 1100°C which is more than 
sufficient to annihilate the defect clusters. 
Although no definite mechanism of elimination of defect clusters can be 
forwarded because of the complexity of the process, the mechanism of annealing 
of defects by heat of deformation seems quite plausible. More careful work 
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needs to be done to verify the concept. 
The formation of dislocation channeling is of major importance in 
mechanical properties of irradiated materials. The irradiated materials 
deform inhomogeneously in channels, consequently the work hardening rate 
and the uniform elongation are reduced. The loss of uniform elongation 
is of concern with regards to the use of materials in nuclear environments. 
E. Radiation-Anneal Hardening 
Figure 21 shows a plot of hardness versus post-irradiation annealing 
temperature for vanadium containing three levels of oxygen. Figures 9 and 
10 show plots of yield stress and difference in yield stress between 
irradiated and unirradiated vanadium containing three oxygen levels versus 
annealing temperature. From Figures 9, 10 and 12 it can be concluded that 
the radiation-anneal hardening in vanadium increases with increasing oxygen 
concentration. This result tends to support the interpretation made earlier 
by Ohr et (78) for Nb that RAH is due to trapping of interstitial im­
purities at radiation-produced defect clusters, in contrast to interpreta­
tions based on the motion of lattice vacancies (77,81). 
Figure 61 shows diamond pyramid hardness plotted as a function of post-
irradiation annealing temperature from the present study an# from the work 
of Smidt (49). Again we see that Smidt's hardness values are higher than 
those of present work, despite the fact that the interstitial concentration 
(609 at. ppm for 0+C+N) was roughly comparable to that for our V-95 material 
(622 at. ppm for 0+C+N). However, when the increase in hardness is plotted 
(Figurs 62), S%idt's radiation-anneal hardening curve is reasonably consistent 
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Figure 63 shows results of yield stress measurements upon post-
irradiation annealing obtained in the present study and those obtained by 
other authors. The general shapes of the curves are quite similar with two 
exceptions. First Smolik and Chen (48) did not observe any radiation-
anneal hardening for their material designated as Lot A (Item 13, Table 8) 
irradiated to 4.0 x 10^^ n/cmf at 107°C. These results are consistent 
with the observations of Shiraishi et (46), who reported reducing 
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amounts of RAH with increasing dose and no RAH for a dose of 1.0 x 10 
n/cm^ (although they did observe a small amount of RAH for 5 x 10^^ n/cm^). 
Secondly, Shiraishi et (46) observed a small dip in the RAH curve at 
about 200°C. This is similar to the observation of Ohr et (78) for 
neutron irradiated Nb. The dip in the RAH curve was interpreted by Ohr 
et to delineate two separate RAH peaks, one due to oxygen and the other 
due to carbon. For the case of vanadium, however, the oxygen and carbon 
peaks should be unresolved since the activation energies for diffusion of 
oxygen and carbon in vanadium are almost equal; namely, 1.25 eV for oxygen 
and 1.18 eV for carbon, respectively (79). 
Based on the measurements of yield stress and the density and size 
distribution of defect clusters, it is possible to evaluate k^/kg as given 
in Equation 22, viz. 
Ki (o, - a,,) , -h 
" 26b ( I • (48) 
Thé factor irrwClvir.g the s urn over i is equal to the average interbarrier 
distance J as given in Table 4 and plotted in Figure 21 for the V-95, V-300, 
Figure 63. Yield stress vs post-irradiation-annealing temperature 
for neutron-irradiated polycrystalline vanadium reported 
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and V-500 single crystals. However, the polycrystalline samples used for 
yield stress measurements contained 60, 205 and 640 vrt. ppm 0. To determine 
the J corresponding to these oxygen levels, the following quadratic equation 
was used to interpolate and extrapolate T for 60, 205 and 640 wt ppm oxygen: 
I = a + b CQ + c{C^)^ . (49) 
The values of a, b, and c were determined for = 95, 300 and 500 wt ppm 
oxygen and then T was evaluated from Equation 49 for 60, 205 and 640 wt 
ppm oxygen. Figure 64 shows the plot of oj^gen concentration versus I for 
various temperatures. Knowing the values of T at various temperatures. 
from Figure 64 and Aa = oj - from Figure 10, K^/Kg could easily be 
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obtained. The values of G and b used for the calculations were 4.76 x 10 
kg/mm^ and 2.62 R, respectively. Figure 65 shows a plot of K^/Kg versus 
post-irradiation annealing temperature for polycrystalline samples. From 
Figure 65 It can be seen that K^/Kg increases with Increasing temperature 
of annealing for all three kinds of vanadium, and that K^/Kg increases with 
increasing oxygen concentration from 60 wt ppm to 205 wt ppm. However, for 
vanadium containing 640 wt ppm o;^ygen K^/Kg is very close to or slightly 
lower than that for 205 wt ppm oxygen. 
From Figure 65 it can be seen that K^/Kg, which is proportional to the 
barrier strength. Increases from a value of ('^ 0.36 - 0.45) and approaches 
the value of 1.0 for the three materials. The Increase In K^/Kg with post-
irradiation annealing suggests the strengthening of the defect clusters 
upon annealing. It is believed that the impurities (mainly 0}^gen) migrate 
to the defect clusters and strengthen them as barriers to the dislocations. 
Figure 64. Interbarrier distance versus oxygen concentration 
for as-irradiated and post-irradiation-annealed 
vanadium 
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Figure 65. Plot of K^/Kg versus post-irradiation annealing temperature 
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As the temperature of annealing Increases, more and more oxygen atoms 
migrate to the defect clusters. 
It can also be seen that at least to a temperature of about 400*C, 
Ky/Kg for V-60 lies below that of V-640 and V-205 material, suggesting 
that the strengthening In V-60 due to migration of oxygen Is smaller than 
in V-640 and V-205 materials. However, K^/Kg for V-640 Is equal to, or 
slightly smaller than that for V-205 up to a temperature of 400®C. The 
reason for this could be two-fold. First, the slight difference may be 
due to experimental scatter in measurement of yield stress and defect 
cluster densities. Secondly, the defect clusters become saturated with 
oxygen and can accommodate no more oxygen atoms available at that tempera­
ture. Therefore, the K^/Kg parameter does not change significantly although 
more oxygen is available; or even if more oxygen precipitates on the defect 




Investigation on some aspects of radiation damage In vanadium con­
taining various amounts of Interstitial Impurity (namely, oxygen) Irradia­
ted to a fluence of about 1x10^® n/cm^ (E>1 MeV) at a temperature of 95-
105*C leads to the following conclusions. 
1. The Irradiation with fast neutrons causes an increase in 
yield stress and hardness in vanadium. The Increase in 
hardness is dependent on the oxygen content of vanadium, 
in that the Increase in yield stress and hardness is 
larger in material containing higher concentrations of 
oxygen. 
2. There is a further increase in yield stress and hardness 
upon post-irradiation annealing up to temperatures of about 
400*C. This Increase In yield stress and hardness, 
termed radiation-anneal hardening. Increases with Increasing 
oxygen content. Recovery to the pre-irradiation yield 
stress and hardness is completed at about 700-800*C. 
3. The radiation-anneal hardening in stage III is caused by 
migration of o^^gen to the radiation-produced defect clusters. 
The precipitation of oj^gen on the defect clusters converts 
them from weak barriers to Impenetrable barriers. 
4. Transmission electron microscopy 6f defect clusters In 
19 2 
single crystal vanadium Irradiated to 1.4x10 n/cm 
(E>1 MeV) at 9b"C and post-irradiàiiùi'i annealed at vsricus 
temperatures shows.that: 
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A. In the as-irradiated condition, the number of defect 
3 
clusters per cm Increases with Increasing oxygen 
content and the average size of defect clusters 
decreases with Increasing oxygen content. 
B. Upon post-Irradiation annealing, defect clusters 
Increase In size and decrease In density. The 
temperature of coarsening of defect clusters increases 
with Increasing oxygen concentration. 
Strain aging studies on unirradiated and Irradiated vanadium 
containing various amounts of oxygen indicate that: 
A. The time of reappearance of yield drop Increases with 
decreasing oxygen content in unirradiated material. 
The time of reappearance of yield drop is longer in 
irradiated than in unirradiated material. This leads 
to the conclusion that irradiation causes retardation 
In strain-aging tendency (i.e. reappearance of yield 
drop is delayed). 
B. The retardation of strain aging tendency Increases with 
decreasing oxygen content in vanadium. 
C. The delay in reappearance of yield drop in irradiated 
vanadium is caused by trapping of oxygen at the defect 
clusters. 
Dislocation channels cleared of radiation-produced defect 
clusters are produced upon deformation of as-irradiated and 
post-irradiation-annealed vanadium. No major differences 
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have been observed in channeling with oxygen content 
of vanadium. No clear mechanism of dislocation channeling 
can be delineated. A mechanism of annealing of defect 
clusters by heat of deformation seems plausible. 
214 
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